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I.  OBJECTIVES 

A.  The  basic  aim  of  the  work  performed  under  this  contract  has  been 

to  investigate  the  feasibility  of  constructing  continuous-feed  prijmary  batteries 
with  high  power-to-weif  ht  and  energy-to-vfeight  ratios  for  use  in  submarine  and 
missile  proj'ulsion. 

B.  During  the  period  covered  by  this  report,  the  detailed  objectives 
were  as  follows: 

1.  Investigate  the  utilization  of  chlorine  as  a cathode  T/ith 
metal  anodes  in  primary  cells  v/ith  electrolyte  based  on  sea  water. 

2.  Determine  dissolution  rates  of  magnesium,  aluminum,  and 
their  alloys  as  a function  of  current  density  and  electrolyte  concentration. 

3.  Determ ‘ne  the  operating  characteristics  of  magnesium  and 
other  electrochemically  efficient  metals  and  alloys  as  anodes  under  conditions 
that  simulate  cells  with  oxygen  cathodes  and  sea-water  electrolyte. 

U.  Study  performance  of  oxygen  cathodes  using  porous  carbon  of 
the  air  cell  tvpe,  with  electrolyte  based  on  sea  water,  and  attempt  to  develop 
cathodes  suitable  for  use  v/ith  both  pure  oxygen  and  air. 

5.  Investigate  the  possibility  of  indirectly  increasing  the 
voltage  of  the  oxygen  electrode  by  use  of  another  appropriate  oxidation- reduc- 
tion couple  as  the  working  electrode. 

II.  IMTRODUCTION 

A,  Work  under  this  contract  has  been  concerned  with  the  study  of  the 
feasibility  of  applying  continuous-feed  primary  batteries  to  a submarine  pro- 
pulsion system.  Such  a system  should  provide  a quiet,  compact,  efficient  power 
source  that  would  not  require  the  vessel  to  surface  at  frequent  intervals. 

B.  During  the  past  three  years  the  studies  have  resulted  in  develop- 
ment of  the  zinc-chlorine  cell  system  in  a form  that  is  considered  ready  for 
protot-^ooe  design.  Other  phases  of  the  work  have  been  concerned  with  feasibility 
studies  of  other  electrodes  and  cell  systems  that  are  in  principle  capable  of 
fulfilling  the  requirements  of  a submarine  power  source.  The  zinc-chlorine 
system  compares  favorably  in  realizable  efficiency  with  any  of  the  other  systems 
investigated  on  a small  scale.  In  addition,  the  other  systems  have  severe 
practical  limitations  that  make  their  development  on  a large  scale  unlikely  in 
the  near  future.  A large  cell  utilizing  zinc  and  chlorine  was  constructed  and 
tested  during  the  latter  part  of  this  re.-ort  period.  Its  performance  indicated 
that  development  of  the  prototype  power  source  would  be  straightforward. 
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C.  Notable  features  of  the  exi:loratory  work  on  other  cell  systems  and 
electrodes  are  discussed  briefly  below.  The  major  portion  of  this  vrork  was 
reported  in  detail  in  the  previous  two  annual  reports  (References  1 and  2); 
the  remainder  is  included  in  the  body  of  this  report, 

III.  RESUl'iE 

A.  Zinc-chlorine  cells  of  potentially  unlimited  operating  life  have 
been  developed  in  small  laboratory  size.  Initial  experiments  with  a large  cell 
of  near-operational  size  indicate  that  the  advantageous  performance  of  smaller 
cells  can  be  duplicated  readily. 

B.  A series  of  improvements  in  the  technique  of  cathode  fabrication 
has  permitted  the  constiiiction  of  zinc-chlorine  cells  with  a service  life  under 
tests  of  at  least  seven  days.  During  this  time  the  decline  in  load  voltage  at 

a constant  current  drain  of  0,2^  amp/sq  in.  was  only  approximately  10^.  Further, 
there  are  indications  that,  under  normal  operating  conditions,  the  service  life 
is  many  times  greater  than  the  arbitrarily  chosen  period  of  seven  days.  In 
addition,  the  cell  has  deiaonstrated  a remarkable  ability  to  perform  stably  at 
high  current-drain  rates  (i.e.,  2,5  amp/sq  in.).  Although  convenience  dictated 
the  termination  of  such  tests  after  relatively  short  periods  (5  hours) , there 
is  every  reason  to  believe  that  the  cells  could  "srform  well  at  high  current 
drains  for  extended  periods. 

C.  Several  experiments  were  performed  on  zinc-chlorine  cells  at  pres- 
sures higher  than  atmospheric.  V/ithout  exception,  an  increase  in  pressure  was 
accompanied  by  an  increase  in  the  povrer  output  of  the  cell.  In  every  instance, 
the  magnitude  of  the  voltage  increase  was  larger  than  could  be  accounted  for 
by  electrochemical  theory  (i.e.,  the  Nernst  equation).  This  fact  supports  the 
belief  that  the  rate-determining  step  in  the  mechanism  of  cathode  depolariza- 
tion is  the  dissolution  of  chlorine  in  the  electrolyte  within  the  mix-cake.  It 
is  doubtful,  however,  that  the  increase  in  power  output  with  pressure  will 
always  be  great  enough  to  compensate  for  the  increased  weight  of  the  system. 

D.  Exploratory  experiments  have  been  conducted  on  zinc-chlorine  bat- 
teries v/ith  cells  in  series.  Although  these  experiments  revealed  no  loss  in 
individual  cell  performance,  several  special  problems  associated  specifically 
with  details  of  battery  construction  were  noted.  Most  important  among  these 
problems  is  the  development  of  a very  strong  and  highly  conductive  bond  be- 
tween the  zinc  anode  of  one  cell  and  the  cathode  of  the  cell  stacked  next  to  it. 
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E,  The  majority  of  the  tests  v^re  carried  out  with  cells  containing 
effective  cathode  surface  areas  of  8 sq  in.  In  addition,  a number  of  ex- 
periments ’vere  conducted  on  cells  with  effective  surface  areas  of  about  32  sq 
in.  Toward  the  end  of  th^s  annual  re  ort  j eriod,  special  equipment  w'ps  designed 
and  constructed  which  permitted  the  fabrication  of  cathodes  v/ith  effective  sur- 
face areas  of  ihU  sq  in.  In  the  body  of  this  report  these  three  tynes  of 
cathode  are  referred  to  as  small,  intermediate,  and  large  respectively.  A 2U- 
hour  discharge  test  of  the  first  large  cell  indicated  that  performance  equiva- 
lent to  that  of  the  smaller  laboratory  models  can  be  expected. 

F.  Further  work  on  oxygen-depolarized  cells  using  Carbocell  and  Air- 
Cell  carbon  diffusers  failed  to  eliminate  the  difficulties  associated  vdth  high 
oxygen  polarization  and,  in  the  case  of  :'iagnes''’um  anodes,  metal  hydroxide  forma- 
tion. The  study  of  oxygen-depolarization  cells  as  well  as  the  study  of  cells 
using  oxygen  indirectly  vdth  another  oxidation-reduction  couple,  was  terminated 
early  in  the  year  in  order  to  concentrate  a full  effort  on  the  zinc-chlorine 
system,  which  shovred  great  promise  of  rapid  and  successful  development. 

IV.  COi’CLUSIONS  AND  RECO’x-SNDATTONS 


A.  The  conclusions  presented  in  Reference  2 remain  unchanged,  except 
that  (l)  the  zinc-chlorine  system  has  now  been  demonstrated  to  be  capable  of 
the  performance  required,  and  (2)  further  studies  and  considerations  of  magne- 
sium-oxvgen  cells  have  reinforced  the  belief  that  neither  magnesium  nor  oxygen 
is  suitable  for  Immediate  use  in  cells  for  submarine  power  sources.  It  is 
recoiTiraended  that  intensive  development  of  zinc-chlorine  batteries  be  undertaken 
immediately,  as  these  aapear  to  be  capable  of  development  into  operational  units 
in  a short  time.  Detailed  recommendations  for  the  ceil  development  are  presented 
below.  It  is  further  recommended  that  laborttory  studies  of  an  exploratory 
nature  be  continued  in  an  effort  to  develop  cell  systems  better  than  the  pro- 
posed zinc-chlorine  system. 

B.  It  is  recommended  that  the  develo'ment  program  for  zinc-chlorine 
batteries  include  substantially  the  subjects  itemized  below.  Several  of  the 
subjects  listed  for  study  are  included  as  precautions,  inasmuch  as  changes  are 
not  expected  to  be  necessary. 

1,  Design  more  effective  means  for  maintaining  cell  clamping 
pressure  in  series-cell  batteries. 

2.  Make  preliminary  desif-ns  of  high-pressure  containers  and  of 
lif ht-weight,  low  pressure  containers  for  batteries,  in  order  to  facilitate  a 
choice  between  operation  at  low  or  high  chlorine  pressure. 
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3.  Determine  the  limits  and  optimum  values  of  electrolyte  flow 
rate  and  zinc  chloride  concentration  in  electrolyte,  fro’.i  the  standpoint  of 
heat  removal  from  the  batterj'. 

U.  Determine  the  effect  of  the  following  operating  procedures 

on  batterv  performance  over  extended  periods: 

a.  Intermittent  operation 

b.  Extended  shut-down 

c.  Extended  full-power  operation 

d.  Fluctuations  in  chlorine  pressure 

e.  Fluctuations  in  electrolyte  flow 

5.  Determine  v/hether  oi  tim'.mi  values  have  been  selected  for 
the  following: 

a.  Composition  of  mix-cake 

b.  Thiclcness  of  mix-cake 

c.  Amount  and  type  jf  oonding  agents 

d.  Thickness  of  diffuser 

e.  Pore  size  of  diffuser 

f.  Type  and  thickness  of  separ  d.or 
V.  EXP'^RTUENTv-L  RESULTS 

A.  SySTEN  CALCUUTIONS 
1.  Introduction 

a.  There  are  tvro  j ri.  .ary  considerations  in  the  choice  of 

a chemical  couple: 

(1)  The  system  must  have  a high  theoretical  enerfy 
output  per  unit  weight  of  reactants,  including  electrolyte. 
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A (cont.) 

(2)  A large  percentage  of  this  energy  must  be  obtained 
in  practice;  i.e.,  the  opercting  voltage  must  be  large  compared  with  the  theore- 
tical emf,  and  the  battery  itself  must  not  be  too  large  and  must  be  capable  of 
delivering  its  power  at  a reasonably  high  current  density, 

b.  It  is  possible  to  characterize  the  performance  of  a 
batter:;/  by  tv/o  paraTiieterss  the  effective  er.f  and  the  effective  internal 
resistance  of  the  cells.’'  The  effective  emf  is  a function  of  the  chemical 
system  and,  in  the  case  of  a gas,  the  pressure.  The  internal  resistance  is  a 
function  of  the  components  of  the  cell.  Both  are  somewhat  dependent  on  tempera:- 
ture.  For  a chemical  couple  having  a given  emf,  research  is  directed  tov/ard  a 
louver  internal  resistance  and,  of  course,  satisfactory  voltage  vs  time  charac- 
teristics. 


c.  Figures  1 to  7 represent  the  results  of  calculations 
of  the  i"ei{  hts  of  reactants  and  electrode  structures  for  a number  of  possible 
batter^''  systems.  All  are  based  u -on  an  arbitrary  recpiirement  of  209  kw  for 
seven  days  at  UUO  volts.  The  weights  of  the  battery  compartment,  reactant 
container,  and  accessories  have  not  been  estimated,  as  it  is  considered  that 
at  this  stage  the  -resent  comi.a.risons  are  sufficient  to  illustrate  the  relative 
merits  of  various  systems.  Assumptions  regarding  the  effective  emf  as  well  as 
cathode  and  anode  ampere  efficiencies  are  given  in  the  legends  of  the  figures, 

A representative  calc  ilation  for  the  curves  presented  is  given  in  Reference  2 
for  the  zinc-clilorine  battery, 

2.  The  Zinc-Chlorine  System  (Figure  l) 

a.  For  a gas  electrode,  the  current  efficiency  is  a 
controlled  variable.  The  cell  voltage  is  usually  a vreak  function  of  this 
efficiency;  S0%  current  efficiency  has  been  found  (Reference  2)  to  be  practical 
for  chlorine. 


b.  The  metal  anode  efficiency  is  a function  of  the  electro- 
lyte concentration  and  current  density.  Amalgamated  zinc  evolves  practically 
no  hydrogen  from  neutral  or  slightly  acidic  solutions.  Because  chlorine  is 
soluble  in  water,  excess  chlorine  vdll  react  directly  with  the  zinc,  so  that 
in  a zinc-chlorine  cell  the  zinc  efficiency  is  necessarily  equad  to  the  chlorine 
efficiency.  (Very  little  chlorine  is  found  in  cell  effluent  solutions  regard- 
less of  the  chlorine  current  efficiency.) 


See  A.-'pendix  I for  def"’ nations. 
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3.  The  Magnesium-Oxygen  System  (Figures  2 to  5) 

a.  Oxygen  efficiency  is  based  on  the  reaction 
O2  + Ue~  + 2H2O y UOH“ 

although  the  actual  mechanism  involves  the  reaction 

O2  + 2e"  + >H02~ 

In  any  practical  cell,  the  H02'"  will  decompose  rapidly  to  O2  vathin  the  elect- 
rode, so  that  the  overall  reaction  corres  ends  closely  to  the  first  equation. 
It  has  been  found  that  almost  all  of  the  oxygen  introduced  can  be  utilized  in 
gas  electrodes,  although,  as  exinected,  the  j-'otential  attained  is  that  of  the 
reduction  to  peroxide. 


b.  The  ma;;nesium  efficiency  v»'as  found  by  experiment  to  be 
67^  over  a vade  range  of  electrol;^rte  concentrations  and  current  densities 
(Reference  2).  The  weights  given  for  the  system  of  Figure  2 are  an  absolute 
minimum  for  the  magnesium-oxygen  system,  and  it  is  likely  that  one  of  the 
heavier  systems  must  be  used. 

c.  Magnesium-oxyren  systems  are  also  penalized  because  of 
the  precipitation  of  cell  reaction  products  in  a sea  water  electrolyte.  Ex- 
cessive hydrogen  evolution  also  occurs.  In  order  to  produce  a soluble  reac- 
tion product,  the  sea  water  can  be  acidified  with  HCl,  The  study  of  the 
dissolution  rate  of  ..lapnesium  as  a function  of  current  density  and  acid  strength 
shows  that  the  'faximum  67^  ampere  efficiency  is  possible  even  in  acid  electro- 
lytes if  high  enough  current  densities  are  used.  In  practice,  the  bulk  acid 
concentration  could  be  controlled  as  a function  of  current  density  so  that  a 
given  current  efficiency  could  be  maintained  (Reference  2),  The  voltage  of  a 
magnesium-ox'^gen  cell  is  slightly  higher  in  acid  than  in  base  owing  primarily 

to  the  removal,  by  the  acid  of  the  oxide  film  on  the  magnesium. 

U.  The  Magnesium-Chlorine  System  (Figure  6) 

a.  Although  little  work  has  been  done  on  magnesium-chlorine 
cells,  work  viith  chlorine  cathodes  in  zinc-chlorine  cells  and  with  magnesium 
anodes  in  magnesium-oxygen  cells  in  various  electrolytes  permits  prediction  of 
an  effective  emf  of  2.6U  volts  for  the  system  given  in  Figure  6. 

b.  As  in  zinc-ch-lorine  cells,  the  chlorine  current  effi- 
ciency is  a controlled  variable.  Because  of  the  solubility  of  chlorine  in  the 
electrolyte,  there  will  probably  be  greater  local  action  on  the  magnesium  than 
in  neutral  or  hydrochloric  acid  electrolytes.  A current  efficiency  of  $0%  for 
magnesiiun  is  probably  a fair  estimate. 
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The  Zinc~Alkalj.-Free-Air  System  (Figure  7) 

The  assumptions  noted  in  the  legend  of  Figure  7 represent 
the  absolute  minimum  weight  requirements  of  a zinc-alkali-air  cell.  For  any 
submerged  operation,  this  battery  would  operate  on  either  pure  oxygen  or  on 
oxygen-enriched,  recirculated  air. 

6,  Summary 


a.  The  system  that  offers  most  promise  is  zinc  and  chlorine. 

Although  the  magnesium-oxygen  system  has  a much  higher  theoretical  energy-to- 
weight  ratio  (2.6l  kwh/lb)  than  the  zinc-chlorine  system  (O.BU  kwh/lb) , this 
advantage  disappears  in  the  comparisons  given  for  tvro  reasons:  (l)  the  zinc- 

chlorine  system  is  more  nearly  reversible,  i.e.,  it  delivers  current  at  a volt- 
age close  to  the  theoretical  emf  of  the  cell;  and  (2)  the  current  efficiency  is 
high,  thus  making  the  weight  of  reactants  low. 

b.  For  all  the  systems  considered  (Figures  1 to  7),  fuel 
economy  is  most  important  for  operation  for  periods  even  as  short  as  seven 
days,  so  that  low  current  densities,  and  hence  high  voltages,  should  be  used. 

For  any  one  system,  the  total  weight  of  fuel  and  battery  is  not  strongly  de- 
pendent on  the  internal  resistance  of  the  cells;  however,  the  weight  of  the 
battery  alone  depends  on  internal  resist' nee.  Further,  a low  internal  re- 
sistance is  imperative  if  the  battery  is  to  be  capable  of  large  emergency  power 
output  while  the  cruisin,  power  level  re.nains  at  or  near  the  optimum  current 
density. 

B,  ZINC-CHLORINE  CELLS 
1.  Introduction 


a.  At  the  end  of  the  last  annual  report  period  (Reference 
2)  the  zinc-chlorine  cell  had  undergone  sufficient  development  to  give,  at  a 
current  density  of  0.25  amp/sq  in.,  an  operating  voltage  which  dropped  from  an 
initial  value  of  1.60  volts  to  a final  value  of  1.52  volts  after  5 hours.  Be- 
yond this  point  failure  of  the  cell  was  rapid.  The  primary  reason  for  this 
improved  performance  vfas  the  use  of  the  watex^based  mix-cake  instead  of  plain 
porous  carbon,  leading  to  the  fabrication  of  the  Type  IV  cat-ode  illustrated  in 
the  cell  assembly  of  Figure  8.  The  performance  of  this  cathode  is  discussed  in 
detail  in  Section  2,  below.  As  indicated  in  Figure  8,  the  general  structural 
features  of  the  cell  were  as  follows: 
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(1)  A cathode  consisting  of  a water-based  carbon  mix- 
cake  pres' ed  against  one  face  of  a 0.5-in. -thick  Grade  UO  or  60  porous  carbon 
diffuser  element, into  which  gaseous  chlorine  is  introduced. 

(2)  A sheet  of  zinc  duplex  whose  carbon-coated  side 
is  bonded  to  the  untreated  face  of  the  diffuser  element;  this  represents  the 
anode  of  the  next  cell  in  series. 

(3)  An  anode  consisting  of  a surface-amalgamated 
zinc  plate  of  any  desired  thickness  and  an  area  slightly  larger  than  that  of 
the  cathode. 

(U)  A fibrous,  chemically  inert  material,  generally 
glass  wool  (Pyrex  Catalog  No.  800),  which  functions  as  the  separator. 

b.  The  electrolyte  was  a simulated  sea-water  solution  (see 
Table  l)  which  was  uniformly  dripped  on  the  separator  of  the  vertically  supported 
cell  assembly  during  cell  operation. 

c.  Althou- h the  general  basic  construction  of  the  cathode 
remained  unchanged  during  the  year,  imoortant  refinements  in  structural  features 
were  largely  resnonsible  for  the  tremendous  im  rovement  in  cell  performance. 

d.  The  ste  dy  progress  during  the  past  year  is  presented 
in  chronological  order  in  the  text  of  this  re  ,'ort.  Consequently,  no  general 
section  on  testing  procedures  and  conditions  to  cover  the  entire  period  is 
included;  however,  information  of  th  c k-‘nd  vdll  be  given  in  the  appropriate 
sections  '.'n  the  individual  electrode  tyces. 

2.  Cells  with  T>ioe  IV  Cathodes  - Additional  Experiments 

a.  Development 

(1)  Because  of  the  poor  and  inconsistent  results 
obtained  with  Type  III  electrodes  (Reference  2)  which  had  been  impregnated 
wi.th  waterproofing  agents,  another  app-roach  was  made  to  the  problem  of  obtaining 
good  output  voltage  and  long  operating  life. 

(2)  It  was  postulated  that  a molded  carbon-black 
mix-cake  pressed  against  the  surface  of  the  diffuser  would  allow  any  necessary 
waterproofing  treatment  of  the  diffuser  without  impairment  of  the  electrical 
performance  obtained  from  the  active  carbon.  It  was  at  first  believed  that 
such  a mix  would  be  washed  out  of  the  cell  by  the  dripping  electrolyte.  How- 
ever, when  a cell  incorporating  a mix  cake  was  tested  it  was  found  that  no 
such  washout  occurred. 
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(3)  The  mix  cake  was  made  from  Cabot  No.  20U7  battery 
carbjn  black,  which  has  the  desirable  features  of  high  conductivity  and  large 
specific  surface  area.  The  mix  cake  was  made  according  to  the  following 
arbitrarily  selected  formula  (basis  1 sq  in.  electrode  area) : 0.20  g Cabot 

No.  20l|7  battery  black  and  1 cc  distilled  v^ater. 

(h)  To  make  the  mix  cake,  dry  carbon  black  was  spread 
evenly  in  a hollow  mold  placed  on  the  separator,  and  covered  with  a sheet  of 
moist  Munising  paper.  One-half  of  the  j,*equired  distilled  water  was  added,  the 
mold  was  i*emoved,  and  the  mix  was  pressed  at  70  to  200  Ib/sq  in.  The  resulting 
mix  cake  was  about  0,0$  in.  thick.  The  separator  and  cake  were  then  removed 
from  the  press,  and  the  remainder  of  the  distilled  water  v/as  added  to  the 
Mi'.nisinf  paper  to  facilitate  its  removal, 

($)  The  molding  of  the  mix  cake  on  the  separator, 
rather  than  on  the  porous  carbon,  prevented  the  possibility  of  premature  vretting 
of  the  diffuser.  The  separator  wr  s initially  cut  to  a size  larger  than  the 
diffuser  so  that  the  molded  mix  cake  could  be  trimmed  to  an  appropriate  size 
after  it  was  placed  on  the  porous  carbon.  This  resulted  in  a much  neater  elec- 
trode and  reduced  the  chance  of  an  internal  short  circuit* 

b.  Testing  Procedure 

The  testing  procedure  for  ce  Is  at  atmospheric  pressure 
included  a prelim  nary  conditioning  cycle  which  consisted  of  placing  the  cell 
in  a vacuum  desiccator  and  evacuating  the  system  for  16  to  U8  hours.  At  the 
end  of  the  evacuation,  the  desiccator  was  flooded  with  chlorine  and  then  opened. 
The  chlor'ine  feed  line  ’vas  attached  to  the  chlorine  electrode  while  it  was 
still  surrounded  by  the  chlorine  atmosphere.  The  cell  was  then  removed  and 
placed  on  test.  Previously,  the  chlorine  electrodes  had  been  thoroughly  purged 
with  chlorine  immediately  before  test’ng.  It  was  believed  that  this  modified, 
procedure  reduced  the  posribility  of  gas  blocks  caused  bv  nitrogen  from  the  air, 
inasmuch  as  a large  part  of  the  adsorbed  gas  was  removed  from  the  porous  cartxan. 

c.  Results  - Small  Cells 

(1)  The  output,  particular!’-  the  initial  output,  of 
the  cell  was  dependent  to  a great  extent  on  the  presaure  at  which  the  mix-cake 
was  molded.  Previous  electrodes  had  been  constructed  with  mix-cakes  molded 

at  30  psig.  Tn  evaluating  the  effect  of  mix-cake  molding  pressure  on  cell 
output,  three  2 x U-in.  cells  employing  mix-cakes  molded  at  70  Ib/sq  in.  were 
constructed.  Three  electrodes  were  used  as  a basis  of  comi-arison  for  the 
scaling-up  tests.  The  curve  for  the  small  electrode  in  Figure  9 approximates 
the  mean  perforaance  of  the  three.  The  specific  internal  resistance  ranged 
from  0,90  to  1.10  ohm-sq  in.,  with  a common  effective  emf  of  I.9U  volts. 

(2)  A substantial  increase  in  cell  performance  was 
obtained  by  molding  the  mix-cake  at  a pres'ure  of  130  t 10  Ib/sq  in.  No 
further  incre.  se  in  cell  performance  was  obtained  wlien  the  mix-cake  molding 
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pres  ure  was  incrersed  to  200  Ib/sq  in.  and  above. 

(3)  The  increase  in  mix-cake  molding  nresure  from 
30+5  lb/ in.  to  130  ± 10  Ib/sq  in.  resulted  in  an  increase  of  the  initial 
output  voltage  at  atmospheric  pressure  from  between  1.50  and  1.60  volts,  to 
between  1.75  and  1.80  volts  at  a current  density  of  0.25  amp/sq  in.  The  . 
effective  emf  was  raised  from  1.80  to  2.02  volts. 

(U)  Two  cells  were  constructed,  each  vrLth  a chlorine 
entry  tube  and  a lattice  of  chlorine  distribution  channels  drilled  through  the 
porous  carbon  diffuser  parallel  to  the  face.  Previous  small  cells  customarily 
had  only  the  chlorine  entry  channel.  The  mix-cake  was  molded  at  130  t 10  Ib/sq 
in.  and  the  evacuation  time  was  increased  to  tv/o  days.  The  initial  output  of 
these  cells  v?as  outstanriingj  at  the  end  of  the  firrt  10  min  of  operation  at 
atmospheric  pressure,  the  cells  had  an  output  voltage  of  2.0  volts  at  a current 
of  0.25  amp/sq  in.  The  cells  had  a low  specific  internal  resistance  of  0.U5 
ohm-sq  in.  and  an  effective  emf  of  2.09  volts.  As  the  cell  was  discharged, 
there  was  a gradual  decline  in  output  voltage.  After  5 br  of  operation  tlie 
specific  internal  resistance  had  incre:sed  to  0.79  ohm-sq  in. 

(5)  One  of  these  cells  was  continuously  discharged 
at  0.25  amp/sq  in.  at  atmospheric  pressure  for  20  hr  to  a cutoff  voltage  of 
1.73  volts.  The  voltage  drop  overthe  20-hr  period  was  only  13.5^»  despite 
the  relativel-"-  high  power  output. 

(6)  The  incorr;oration  of  the  rai-X-cake  resulted  in  an 
electrode  which  is  much  les^  susce.-tTble  to  variations  in  chlorine  flow  rate. 
With  the  older  t’ ne  of  electrode,  a negative  pressure,  caused  by  a drop  in 
chlorine  flow  rate  belov/  that  required  by  the  current  drain,  resulted  in  the 
prompt  failure  of  the  electrode.  The  mix-cake  elim  nated  this  difficulty  so 
that,  if  negative  pressures  of  short  duration  were  developed,  a simple  adjust- 
ment of  the  flow  rate  returned  the  cell  to  its  orev'ous  output  level. 

d.  Results  - Intermediate  Cells 

(1)  In  an  attempt  to  duplicate  the  res\ilts  obtained 
with  the  small  cells  in  which  the  mix  cake  molding  prescure  was  70  Ib/sq  in., 
several  tests  were  conducted  on  intermediate  cells.  These  cells  were  as  nearly 
as  possible  identical  with  the  small  cells  in  structural  details,  except  that 
in  some  instances  holes  parallel  with  the  face  were  drilled  in  the  cathodes  to 
ascertain  whether  better  chlorine  distribution  would  result  in  a significant 
increrse  in  output. 


(2)  Figures  10  and  11  are  representative  of  the  results 
obtained  with  cells  employing  cathodes  of  the  interme^ate  size.  At  the  end 
of  one  hour  of  operation  the  effective  emf  and  the  specific  internal  resistance 
were  calculated  to  be  2.02  volts  and  1.50  ohm-sq  in.  respectively.  In  this 
cell  it  was  necessary  to  replace  the  zinc  anode  at  the  end  of  U5  hours.  After 
62  hours  of  operation,  the  bond  betwe-'n  the  z’nc  duplex  and  the  carbon  electrode 
had  failed  at  several  points,  and  the  test  was  terminated. 
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(3)  A new  m'x-crke  and  piece  of  zinc  duplex  vrere 
bonded  to  the  diffuser  element  salvaged  from  the  experiment  described  in  para- 
graph b.  The  performance  of  the  cell  fabricated  from  this  reconstructed  cathode 
is  ; iven  in  Figure  10.  After  1 hr  of  operation  the  effective  emf  and  specific 
internal  resistance  were  2.09  volts  and  2.20  ohm-sq  in.  respectively;  the  latter 
value  represents  an  increase  of  h7%»  Purthemore,  for  the  same  chlorine  flow 
the  chlorine  pressure  differential  had  increased  from  approximately  l/2  in.  of 
H2S0|^  during  the  previous  test  to  3 in.  of  H2S0j^  during  this  test. 

(U)  Another  intermediate-size  cell  was  continuously 
discharged  for  87  hours.  In  this  instance  the  mix-cake  molding  pressure  was 
130  psig.  Between  the  first  and  eighty- seventh  hour  the  specific  internal  re- 
sistance increased  from  1.3U  ohm-sq  in.  to  2.U0  ohm-sq  in.  The  terminal  voltage 
decreased  from  1.73  volts  to  a final  value  of  1.33  volts  at  a current  density 
of  0.25  amp/sq  in.  Again  the  anode  was  changed  once  at  28  hours  and  again  at 
60  hours.  During  the  changing  of  the  zinc  anode,  cracks  in  the  mix-cake  and 
bare  spots  at  the  edges  of  the  caxhon  diffuser  were  noted.  Furthermore,  the  mi»- 
cake  had  lost  its  original  firm  texture. 

(5)  Figure  9 contains  three  curves  which  show  the 
average  operating  characteristics  of  one  of  the  small  cells  described  in  Sec- 
tion c above,  compared  with  tvro  of  the  intermediate-size  cells,  all  after  opera- 
tion for  one  hour.  The  tests  were  conc'ucted  under  the  same  conditions,  except 
that  four  holes  had  been  drilled  in  one  of  the  larger  cells.  The  lowest  specific 
internal  resistance  was  obtained  in  the  small  electrode  (l.OU  ohm-sq  in.)  Curve 

B however,  for  current  densities  up  to  about  0.9  amp/sq  in.,  higher  operating 
voltages  were  obtained  from  the  larger  electrode  containing  the  four  chlorine 
channels  (Curve  A),  although  the  specific  internal  resistance  in  this  instance 
was  l.Ul  ohm-sq  in.  The  effective  voltages  for  these  cells  were  1.88  and  2.08, 
respectively.  The  other  large  cell  exhibited  poorer  operating  characteristics 
than  either  of  the  above  cells  (Curve  C).  In  this  instance,  a specific  internal 
resistance  of  I.96  ohm-sq  in.  and  an  effective  emf  of  2.09  volts  v/ere  obtained. 

(6)  Several  other  tests  were  made  on  intermediate 
cells  with  one  or  four  clilorine  channels.  Better  operating  characteristics  were 
obtained  vdth  the  large  number  of  channels.  In  the  latter  instance,  the  oper- 
ating voltages  at  a current  density  of  0.25  amp/sq  in.  ranged  from  I.6I  to  1.73 
volts  after  1 hour  of  cell  operation,  compared  with  1.5U  to  1,56  volts  when  only 
one  chlorine  channel  was  used.  The  chlorine  inlet  pressure  ranged  from  U to  12 
mm  of  sulfuric  acid  for  the  former  cells  to  100  to  l50  mm  of  sulfuric  acid  for 
the  latter. 


(7)  For  both  the  large  and  small  cells,  it  appeared 
that  one  of  the  limiting  factors  in  the  performance  of  the  Type  IV  electrode 
was  the  rate  at  which  the  chlorine  diffuses  to  and  through  the  mix-cake.  This 
was  evidenced  by  the  fact  that  while  the  cell  was  being  discharged,  a large 
increase  in  chlorine  gas  flow  resulted  in  a sharp  rise  in  the  power  output  of 
the  cell.  After  the  chlorine  flovf  rate  was  reduced  to  the  usual  value, 
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corresc/onding  to  90%  material  efficiency,  the  output  of  the  cell  returned  to 
its  former  level.  As  indicated  by  the  experiments  with  intermediate  cells, 
the  magnitude  of  this  response  to  changes  in  gas  flow  decreased  with  an  in- 
crease in  the  number  of  chlorine  distribution  channels. 

3.  Cells  with  Type  V Cathodes 

a.  Development  of  the  Resin-Bonded  Mix-Cake 

(1)  ceils  in  operation  for  long  periods  with  a water- 
based  mix-cake  failed  because  of  deterioration  of  the  chlorine  cathode.  It  was 
thought  that  the  primary  reason  for  this  failure  vras  the  gradual  rolling  of  the 
mix-cake,  which  caused  a loss  of  electrical  contact  between  the  carbon  particles 
in  the  mix-cake  and  resulted  in  an  increase  in  the  internal  resistance  of  the 
cell. 

(2)  Another  adverse  effect  that  resulted  from  the  use 
of  a water-based  mix-cake  soon  became  ap  arent  in  the  cells  on  urtiich  shelf-life 
tests  had  been  conducted.  As  the  m^x-crke  dried  it  shrank  and  cracked  (see 
Figure  12) . 

(3)  To  prevent  the  swelling  of  the  mix-cake  during 
cell  operation,  and  to  reduce  the  ..osribility  .-if  cracking  on  dry  stora  e,  a 
mix-cake  was  made  as  described  in  Section  2, a except  that  a solution  of  Olypt; 1 
and  thinner  was  substituted  for  the  v^ater.  The  mix-cake  formula,  on  the  basis 
of  1 sq  in.  electrode  aroa,  wan  as  follows: 

0.18  g Cabot  No,  20U7  battery  carbon  black 

0.8  cc  GLyptal  bonding  solution  (l  volume 
G.E.  No,  1202  Glyptal  to  3 volumes  G.E.  No, 

1^00  thinner) 

The  mix-cake  was  molded  at  a pressure  of  130  Ib/sq  in.,  assembled  to  the  difr 
fiBor, clamped,  and  then  baked  for  2U  hr  at  70°C. 

b,  Flushing-Type  Electrode  mth  Resin-Bonded  Mix-Cake 

(Type  V) 

(l)  It  had  been  determined  that  gases  which  were 
insoluble  or  only  slightly  soluble,  in  the  electrolyte,  and  not  utilized  at  the 
electrode,  became  entrapped  in  the  porous  carbon  diffuser  and  seriously  in- 
terfered with  the  diffusion  of  the  chlorine  to  the  interface.  Previously  these 
inert  gases  were  removed  from  the  diffuser  element  by  evacuating  the  cell  just 
rrior  to  testing.  ^Vhile  evacuation  of  the  cell  effectively  prevented  gas  blocks, 
the  method  appeared  to  be  impractical  for  the  final  aqoplication  of  the  battery. 
As  a result,  the  electrode  was  redesigned  so  that  the  entrapped  air  could  be 
removed  by  flushing. 
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(2)  The  porous  carbon  diffuser  was  provided  with  .an 
exit  channel  at  tne  bottom  of  the  electrode  and  parallel  vrith  the  chlorine 
entry  tube  (see  Figure  13).  By  first  adc-ing  the  electrolyte  to  the  assembled 
cell  so  that  the  separator  and  mix-cake  surface  were  wet,  air  could  be  removed 
from  the  entire  electrode  by  flushing  with  chlorine,  because  the  capillary 
action  of  the  electrolyte  at  the  wet  face  effectively  prevented  the  escape  of 
gas  through  the  porous  face. 

c.  Testing  Procedure  and  Conditions 

The  electrolyte  was  first  added  to  the  cell  until  the 
entire  separator  area  was  wet.  The  exit  tube  was  opened  and  the  electrode  was 

flushed  with  chlorine  for  5 minutes.  At  the  end  of  this  time  the  exit  tube 

was  closed,  and  the  chlorine  flow  was  reduced  to  that  corresponding  to  90^ 
efficiency.  In  some  tests  the  exit  tube  was  left  open  and  an  excess  of  chlorine 
was  permitted  to  flow  through  the  electrode. 

d.  Results  and  Discussion  - Small  Cells 

(1)  A very  significant  advance  in  cell  performance 
was  obtained  by  the  use  of  the  resin-bonded  mix-cake.  The  anticipated  gain 
in  voltage  vs  time  performance  was  realized.  Several  cells  were  operated  for 
periods  of  78  hr  with  only  moderate  cathode  deteriorati’'n.  At  a current  drain 
of  0.25  amp/sq  in,,  the  voltage  drop  caused  by  cathode  deterioration  over  the 
operating  life  wav'?  0,12  volt,  or  0.0015  volt/hr. 

(2)  During  the  long  tests,  the  zinc  anode  was  re- 
placed at  approximately  30~hr  intervals.  The  zinc  anode  efficiency  was  found 

to  be  92  ± 5^. 

(3)  Another  cause  of  voltage  drop  with  time,  in 
addition  to  that  caused  by  the  deterioration  of  the  catnode,  was  evident  in 
cells  which  were  in  operation  for  extended  periods.  This  additional  voltage 
drop  was  found  to  be  associated  with  a black  deposit,  initially  thought  to  be 
zinc  particles,  which  had  flaked  off  the  anode  and  accumulated  on  the  glass 
wool  separator;  however,  an  analysis  of  o sample  of  this  deposit  revealed  that 
it  was  primarily  lead,  which  constituted  the  major  impurity  in  the  zinc  used 
as  anodes  (see  Table  II) . Further  reference  to  this  problem  will  be  found  in 
later  sections  of  the  text. 

(U)  Figures  lU  to  l6  show  the  voltage  vs  time 
characteristics  at  0.25  amp/sq  in.,  as  well  as  the  voltage  vs  current  character- 
istics at  various  times  during  the  discharge  at  0.25  amp/sq  in.  The  data  of 
Figure  17,  calculated  from  Figures  lU,  l5,  and  16,  summarize  the  changes  in 
internal  resistance  with  tine. 
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(5)  The  frequent  changes  of  the  anode  were  necessitated 
by  a combination  of  slight  local  action  and  non-uniform  usage.  The  unevenness 
of  use  resulted  in  an  uneven  corrosion  pattern  on  the  anode,  leading  to  an 
apparent  increase  in  internal  resistance.  Of  equal  importance  in  the  progres- 
sive increase  in  internal  resistance  was  the  formation  of  the  black  deposit  on 
the  separator  heretofore  mentioned.  Thus,  a change  in  both  the  separator  and 
anode  resulted  in  a substantial  recovery  in  operating  voltage.  The  irreversible 
deterioration  of  the  cathode  accounted  for  the  remainder  of  the  internal- re- 
sistance rise.  The  test  was  terminated  after  78  hr  because  chlorine  had  corroded 
through  the  zinc  duplex  backing  on  the  cathode. 

(6)  The  test  described  above  also  showed  that  an 
additional  advantage  was  gained  by  the  use  of  the  resin-bonded  mix-cake,  i.e., 
a decrease  in  the  cell  pol-'’rizntion  at  high  current  drains.  Figure  18  shows  a 
comparison  of  performance  of  the  best  cell  made  with  a water-based  mix-cake 
with  that  of  a cell  made  with  a resin-bonded  mix-cake.  After  5 hr  the  internal 
resistance  of  the  cell  with  the  water-based  mix-cake  was  0,78  ohm-sq  in,,  while 
that  of  the  cell  employing  the  resin-bonded  mix-cake  was  0,U6  ohm-sq  in.  After 
1$  hr  the  difference  in  internal  resistance  was  even  greater  (1,08  ohm-sq  in, 
for  the  water-based  mix-cake,  0,66  ohm-sq  in,  for  the  resin-bonded  mix-cake). 

The  polarization  of  cells  utilizing  the  resin-bonded  mix-cake  was  so  low  that 
the  electrolyte  resistance  constituted  one  of  the  principal  iR  drops  in  the 
cell.  The  use  of  recirculated  electrolyte  of  high  zinc  chloride  concentration 
resulted  in  cells  with  an  internal  resistance  low  enough  to  make  possible  current 
densities  of  nearly  2.00  aitif/sq  in.  af  a cell  vo]tage_in  e::ces.r  of  1,00  volt* 
Power  densities  of  1,80  watts/sq  in.  were  obtained  after  31  hr  of  operation. 

The  fact  that  this  povrer  is  available  from  the  cell  does  not  alter  the  optimum 
operating  conditions  of  approximately  0,25  amp/sq  in, (Reference  2),  However,  • 
the  extra  pjwer  is  important  in  that  the  cell  can  be  called  upon  'in  emergencies 
to  deliver  high  power. 


(7)  One  test  v;as  made  on  a cell  in  which  the  mix-cake 
was  molded  on  the  diffuser.  The  performance  of  this  cell  was,  within  experi- 
mental error,  the  same  as  that  of  cells  in  which  the  mix  was  molded  on  the 
separator.  The  test  was  discontinued  after  8 hr.  This  molding  technique  was 
avoided  when  water-based  mixes  were  used,  because  of  the  probability  that  the 
excess  water  from  the  mix  would  penetrate  the  diffuser  and  cause  early  failure 
of  the  electrode.  With  the  present  mix  formulation  this  difficulty  would  not 
arise,  and  the  contact  resistance  between  mix-cake  and  diffuser  should  be 
uniformly  low. 


e.  Results  - Intermediate  Cells 

Several  tests  were  conducted  in  which  both  water^bonded 
and  resin-bonded  mTX-cakos  were  used,  'Figure  19  shows  the  best  results  obtained 
using  the  two  mix-cakes.  It  may  be  noted  that  the  best  resilts  obtained  thus 
far  using  a water-based  mix-cake  were  realized;  however,  even  better  results 
were  obtained  using  the  resin-bonded  mix-cake.  At  a current  density  of  0.25 
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amn/so  in  the  operatin  voltages  were  1.73  and  1.82  volts,  respectively,  after 

1 hr  of  cell  operation.  The  correspondinp  specific  7Sx- 

1.12  and  0.7U  ohm-sq  in.,  respectively.  In  addition,  for  the  resin-  . 
cake  an  output  voltage  of  1.90  volts  and  a specific  internal  jesirtance  of  0.U5 
ohm-sq  in.  were  obtained  after  l5  min  of  cell  operation  at  0.25  an?)/sq  in. 


f. 


Series  Cells 


(1)  Description  of  Battery  and  Testing  Procedure 


(a)  A number  of  three-,  four-,  and  five-cell 
batteries  were  made  using  snail  cells  in  which  the  cathodes  were  fed  chlorine 
from  a common  manifold.  An  excess  of  chlorine  was  kept  flowing 

cells  and  a common  exhaust  manifold  was  used.  Carbon  taps 

cathode  so  that  the  voltage  of  each  cell  could  be  determined.  The  order  of 

chlorine  feed  from  the  manifold  was  staggered,  so  that  if 

because  of  pressure  drop  in  the  manifold,  this  variation  could  ^ distinguished 

from  that  due  to  a position  in  the  cell  stack,  i.e.,  due  to  heat  effects  or 

short  circuiting.  The  entire  unit  was  spring-loaded  in  a clamping 

series  connections  were  made  by  cementing  a l/8-in. -thick 

zinc  face  of  a sheet  of  zinc  duplex,  and  by  cementing  the  side  of  ^ 

element  to  the  carbon  face  of  the  duplex.  The  cement  ® 

resin  and  the  same  carbon  used  for  the  m’x-cake,  except  that  the  re.in  carbon 

ratio  was  very  much  higher, 

(b)  The  first  test  was  performed  on  a five-cell 

b,ttery  In  which  electrolyte  wee  drlH^d  fachlSprei  ^ec- 

edge  insulation  wes  used.  . n„s  were 

Sfd."1hrarct.:W^T,rihers  jply  arrayed  oyer  the  entire  battery  fron,  a 

showerhead  device. 


(2)  Results  and  Discussion 

(a)  All  of  the  five  cells  of  the  first  battery 

had  initial  output  voltages,  "ate  o^faUu^ef  or°drc?  in  volt- 

output  voltage  of  a single  sm  sinele  cells.  This  was  found  to  be  due 

^^^^hlrt  r«!;gTf"rh<^ugh%lfctr^  path,  that  forced  on  the  sides 

and  edges  of  the  battery. 

(b)  The  asphalt  and  polystyrene 

eliminated  the  short  circuiting  restricted 

of  the  second  five-cell  ®®P^  yras  definitely  lower  than  the 

the  electrolyte  entry.  The  ^ defective  cell  did  not 

other  four  of  the  battery  ^®®®  cells*  The  test  was  discontinued  after  8 

affect  the  performance  of  the  other  cells,  me  x,es 

hr. 
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(c)  Failure  of  one  four-cell  unit  was  caused 
bv  prenature  failure  of  the  carbon-zinc  bond.  Another  four-cell  unit  using 
recirculated  electrolyte  was  discharged  at  a constant  current  drain  of  0.12 
amp/sq  in.  for  23  hr.  This  battery  had  initial  and  final  output  voltages  of 
(.7  and  7.5,  respectively.  After  5 hr,  the  internal  resistance  of  the  battery 
was  0.U8  ohm-sq  in;  the  internal  resistance  of  the  individual  cells  ranged  from 
O.Uo  to  0.5l  ohm  sq  in.  After  23  hr,  the  internal  resistance  of  the  battery 
had  incre-''sed  to  0.70  ohjo-sq  in.,  and  the  variat'^on  of  the  internal  resistance 
between  the  individual  cells  was  quite  large  (0.50  to  0.90  ohm-sq  in.).  In- 
spection of  the  various  cells  disclosed  that  in  Cell  No.  1,  which  had  the 
highest  internal  resistance  (0.90  ohm-sq  in.),  small  amounts  of  electrol‘'7te 
had  penetrated  at  various  spots  in  the  cathode  and  led  to  uneven  corrosion  of 
the  zinc  anode.  •Cell  No.,  h (internal  resistance  of  0,63  ohm-sq  in.)  also 

f 2 3 (internal  resistances 

Of  0.50  and  0.55  ohm-sq  in.)  exhibited  fairly  even  corrosion  of  the  anodes. 


(d)  A three-cell  unit  which  operated  for  3 hr 
failed  because  a high  spot,  resulting  from  uneven  corrosi;>n  of  the  zinc,  punc- 
tured the  separator  and  shorted  the  center  cell. 

U.  Cells  with  T^qje  VI  (Diffusion-Feed)  Cathodes 

a.  Introduction 

Experiments  w're  i ■•'de  with  diffusion-feed  electrodes 
in  the  hope  that  thev  would  prove  pr.''ctical*,  their  UJ-'e  would  have  resulted  in 
a simplified  cell  construction.  It  wr.".  dem^onstrated,  however,  that  there  was 
a limitation  to  the  maximum  current  as  a result  of  the  inability  to  remove  air 
from  the  diffuser  by  flushing.  In  ad  it  ion,  wet  ing  of  the  exosed  diffuser 
edges  by  electrolyte  was  a major  difficulty  in  long-term  operation. 

b.  Description 

(1)  The  Type  VI  diffusion-feed  catnode  is  shown  in 
Figure  21.  There  wore  no  entry  tubes  or  exit  tubes  in  the  diffuser  element. 
Chlorine  entered  by  diffusion  through  the  open^edges  and  bottom.  The  top  of  the 
electrode  was  covered  with  Carboline,  and  f'^ns  were  provided  to  protect  the 
sides  of  the  electrode  fr.?m  wetting  by  the  dripping  electrolyte. 

(2)  Because  the  assembled  ce3.1  was  placed  in  a vessel 
filled  with  gaseous  chlorine,  the  back  of  the  zinc  anode  was  coated  with  Glyptal 
in  order  to  prevent  chlorine  attack  during  cell  operation, 

c.  Preparation  of  the  Mix-Cake  — Small  Cells 

(l)  The  substitution  of  a resin  in  place  of  water  as 
the  mix-cake  binder  eliminated  the  danger  of  premature  wetting  of  the  diffuser 
element.  Thus,  techniques  involving  the  molding  of  the  mix-cake  directly  on 
the  diffuser  element  became  acceptable.  With  this  in  mind,  attention  was  turned 
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to  the  development  of  a mix-cake  fabrication  technique  which  would  result  in 
a uniform  and  firmly  bonded  mix-cake.  The  initial  procedure  evolved  is  as 
follows  5 


(a)  A stainless  ste-1  mold  was  placed  around 
the  diffuser  elementj  the  height  of  the  mold  was  such  that  the  resulting  cavity 
contained  0,l8  gram  of  Cabot  No,  20U7  battery  carbon  black  per  sq  in,  of  dif.- 
fusor  surface. 


(b)  The  carbon  black  was  added  in  excess  by 

means  of  a flour  sifter. 

(c)  A straight-edge  leveling  bar  was  then 
moved  across  the  mold  surface  to  remove  the  excess  c&rbcn, 

(d)  The  carbon  black  in  the  mold  was  then 
covered  Tdth  a piece  of  Munising  paper  (or  Whatman  No.  1 filter  paper)  to 
facilitate  the  removal  of  a porous  carbon  block  which  was  saturated  with 
bonding  solution  (see  Section  3, a, (3))  and  placed  on  the  paper. 

(e)  The  whole  assembly  was  then  pressed  at  190 
osij  and  transfer  of  the  bonding  solution  from  the  carbon  block  into  the.  mix- 
cake  occurred  readily. 


(f)  The  electrode  assembly  was  then  pressure- 
clamped  and  baked  for  2U  hr  at  70°C. 

(g)  After  bonding  was  completed,  the  paper  was 
removed  from  the  top  of  the  mix-cake  and  the  diffuser  element  was  cemented  to 
the  zinc  duplex. 


(2)  In  order  to  minimize  any  edge  effects,  the 
dimensions  of  the  carbon  diffus'-r  and  its  associated  mix-cake  were  increased 
to  2 l/U  X U l/U  in.  Henceforth,  all  references  to  "small"  cells  5-nvolve 
cathodes  of  these  revised  dimensions. 

d.  Preparation  of  Mix-Cake  - Intermediate  Cells 

Because  molds  of  the  t.^pe  described  in  Section  U,f 
were  unavailable,  the  mix-cakes  used  in  the  intermediate-size  cells  were  molded 
directly  on  the  separator  as  described  previously. 

e.  Results  - Small  Cells 

Figure  22  illustrates  the  effect  of  prior  evacuation 
on  cell  performance.  At  low  chlorine  pres^-ures  (1$  psig) , the  cells  tested 
without  pr  or  evacuation  operated,  satisfactorily  at  current  drains  below 
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0,5  amp/sq  in.  However,  as  shovm  in  Figure  22,  at  higher  cunvsnt  drains  there 
was  a marked  incr  -ase  in  cell  polarization,  «i'ithout  prior  evacuation,  at  low 
chlorine  pressure,  the  residual  air  in  the  vessel  contributes  appreciably  to  the 
total  gas  concentration  (50  mole/?  at  15  psig),  and  the  rate  of  diffusion  of 
chlorine  through  the  diffuser  to  the  interface  is  reduced.  This  results  in  in- 
creased polarization  at  higher  current  drains.  As  expected,  at  higher  chlorine 
pressures  (80  psig)  where  the  residual  air  becomes  a small  portion  of  the  total 
amount  of  gas,  the  cell  operated  satisfactorily  even  at  higher  current  drains. 


f.  Results  end  Discussion  - Intermediate  Cells 

(1)  Tests  employing  these  cells  were  conducted  to 
determine  the  effect  of  chlorine  pressure  on  cell  performance.  Both  Type  V 
and  Type  VI  electrodes  were  used  at  the  desired  pressures.  It  should  be  noted 
that  a positive  chlorine  flow  was  maintained  durin'.''  tests  with  the  Type  V 
electrode*  The  effect  of  prior  evacuation  on  Type  VI  electrodes  was  also  studied, 

(2)  Typical  res  i Its  of  the  tests  employing  Type  V 
electrodes  may  be  found  in  Figure  23.  The  cell  was  initially  operated  at 
atmospheric  pressure  for  1 hr,  after  which  the  effective  emf  and  specific  in- 
ternal resistance  were  determ'ned.  The  cell  was  then  sealed  in  the  test 
vessel,  the  chlorine  pressure  v;as  increased  to  80  psig,  and  another  set  of 
polarization  characteristics  v;as  determined.  An  effective  emf  of  2.02  volts 
and  a specific  internal  resistance  of  0,52  ohm-sq  in.  were  obtained  at  at- 
mospheric pressure,  as  compared  with  2.10  volts  and  0,50  ohm-sq  in.  at  80  psig. 

It  may  be  noted  from  Figure  23  that  although  the  internal  resistance  of  the 
cell  was  relatively  unaffected  by  the  increased  chlorine  pressure,  the  cell 
operating  voltages  were  increased  by  about  0,09  volt  for  comparable  current 
drains.  For  instance,  at  a current  density  of  0.26  amp/sq  in.,  operating 
voltages  of  1,87  and  1.95  volts,  respectively,  were  obtained. 

(3)  Figure  2h  illustrates  typical  results  obtained 
employing  the  Ti,q)e  VI  electrode,.  In  this  test  the  cell  was  initially  sealed 
in  the  test  vessel  and,  after  evacuation,  chlorine  was  admitted  until  a pres- 
sure of  10  psig  was  attained.  The  ce''.l  was  operated  for  1 hr  at  a current 
density  of  approximately  0,25  amp/sq  in.,  after  which  the  polarization  char- 
acteristics were  determined.  The  chlorine  pressure  was  then  increased  to 

25  psig,  and  changes  in  the  polarization  characteristics  were  noted.  At  10 
psig  the  effective  emf  and  specific  internal  resistance  of  the  cell  were  2.02 
volts  and  0,52  ohm-sq  in.,  respectively,  as  compared  -with  2.06  volts  and  0,53 
ohm-sq  in.  at  25  psig.  Althou  h the  internal  resi, stance  of  the  cell  was  not 
affected  by  the  increased  pressure,  the  operating  voltages  at  comparable 
current  drains  ware  raised  by  about  0,025  volt.  At  a current  density  of  about 
0.25  amp/sq  in.  the  cell  voltages  were  1,88  and  I.90,  respectively. 
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(U)  Figure  2^  gives  the  results  of  a te-'t  utilizing 
a Tvpe  VI  electrode  without  initial  evacuation  of  the  ures.'  ure  vessel.  Chlorine 
pressures  were  lO,  30,  and  80  prig.  The  mole  fractions  of  chlorine  in  the  test 
vessel  under  these  conditions  were  O.UO^,  0.670,  and  0,8U$,  respectively.  At 
10  psig  pressure,  good  cell  performance  was  obtained  up  to  current  densiti^es 
of  about  0.5  amp/sq  in.  (i.e.,  1.88  volts  at  0,25  amp/sq  in.)j  however,  at 
higher  current  dra'ns  there  was  a iiarVced  incre-'se  in  cell  polarization.  At 
current  densities  of  0,5  aip/sq  in.  and  less,  the  effective  cell  emf  was  2,03 
volts  and  the  specific  internal  resistance  was  0.5U  ohm-sq  in.  At  30  and  80 
psig  pressure,  the  voltage  vs  current  density  plots  were  lineax  up  to  the 
maximum  current  density  utilized  (approximately  1.0  amp/sq  in.).  At  a current 
density  of  0,25  amp/sq  in.,  an  operating  volt  je  of  1.95  volts  was  obtained  at 
30  psig,  as  compared  with  1.99  volts  at  80  psig.  The  effective  emf's  were 
2,07  and  2.11  at  these  pressures,  and  the  specific  internal  resistances  re- 
mained relatively  constant  at  0,lt3  arxi  O.bl  ohm-sq  in. 

g.  Although  the  T3'pe  VI  cathoder  ac -eared  to  perform  aswell 
or  bettar  than  the  flushing  t^pe  of  cat'-.ode  : rev'ously  described  at  Moderate 
current  densities,  a major  d-ifiiculty  in  the  long-term  operation  of  the  cathodes 
was  soon  apparent.  Cells  of  this  t-'  .e  slxiwed  wetting  around  the  edges  as  a 
result  of  the  poist  atmosph  re  to  viiich  they  were  exposed.  It  is  conceivable 
that  this  wetting  could  becfiie  sufficiently  serious  to  prevent  or  hinder 
adequate  chlorine  entr^  into  the  diffuser  element.  In  addition,  for  operation 
at  lov;  “.ressures  and  relrtivel-''  high  current  densities,  this  type  of  electrode 
requires  evacuation  before  use.  These  observations  led  to  the  termination  of 
experijnents  employing  th®  T-\qje  VI  electrodes  in  favor  of  Type  VII,  described 
in  the  following  section. 

5.  Cells  with  T^/pe  VII  Cathodes 

a.  Description 

The  stiuctural  features  of  the  Type  VII  cat  'ode  are 
identical  v.lth  those  of  Type  V,  illustrated  in  Figure  13.  The  fundamental 
difference  lies  in  the  fabrication  of  the  mix-cake.  The  Type  VII  electrode 
(2-l/U  in.  X U-l/U  in.  x 0,5  in.)  employed  a resin-bonded  mix-cake  molded 
directly  onto  the  diffuser  element  by  the  technique  described  for  the  Type  VI 
electrode . 


b.  Results  and  Discussion 

The  Tyioe  VII  cathode  as  vre  1 as  the  Type  VI  cathode 
was  enplo”^ed  "'n  experiments  especially  designed  to  ascertain  the  cause  or 
causes  of  non-uniform  utilization  of  the  zinc  anodes.  These  resxilts  are  given 
in  Sect-ion  7,  below. 
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6.  Improved  Diffuser  to  Zinc  Duplex  Bond 

a.  Introduction 

Prior  to  this  point  =n  the  program,  the  agent  used  to 
bond  the  difi'user  element  to  the  zinc  du)  lex  (i.e.,  to  the  anode  of  the  next 
cell  in  a series  battery)  consisted  of  a thick  paste  of  Glyptal  and  Cabot 
carbon  black.  After  sett  ’ng,  this  i.  'xture  formed  a highly  conductive  but 
structurally  weak  bond. 

b.  Development 


(1)  In  order  to  obtain  a highly  conductive,  yet 
strong  bond,  Carbo-Fix  liquid  and  Carbo-Fix  pov/der  (Carboline  Co,,  St,  Louis, 
Mo.)  were  substituted  for  Glyptal,  The  optimum  proportions  of  Carbo-Fix  liquid, 
Carbo-Fix  powder,  and  Cabot  No,  2oU7  carbon  black  were  determined  by  preparing 

a mixture  of  20  g of  Cabot  No,  20U7  carbon  black  and  110  ml  of  Carbo-Fix  liquid 
and  adding  various  amounts  of  Carbo-Fix  powder.  Bonds  of  zinc  duplex  to  dif- 
fuser element  and  zinc  metal  to  diffuser  element  were  then  made, 

(2)  The  samples  were  baked  U hr  at  lliO°C  under  a 
clamt ing  pressure  of  190  psi. 


c,  Resilts 

Table  ITT  siio''s  the  resistivities  of  the  resultfnt 
bonds.  The  bond  stron;ths  between  zinc  netal  and  diffuser  eleiaents  were  poor. 
On  the  other  hand,  the  bond  strengths  between  zinc  duplex  and  diffuser  elements 
were  excellent.  As  anticipated,  the  higher  the  proport-’' .m  of  Carbo-Fix  powder, 
the  stronger  was  the  bond.  In  the  case  of  20  and  30  'wt.jS  Carbo-Fix  powder, 
the  resulting  bond  strengths  were  such  that  structural  failure  of  the  diffuser 
element  occurred  before  that  of  the  bond  when  the  bonded  pair  v^as  subjected 
to  mechanical  shock.  Furthermore,  attempts  to  strip  the  zinc  duplex  from 
the  diffuser  element  resulted  in  the  removal  of  the  carbon  backing  of  the 
zinc  duplex. 


7,  Uneven  Zinc  Corrosion 


a.  Introduction 

(l)  At  this  stcge  in  the  program  the  roblem  of 
uneven  zinc  corrosi  m a peered  to  be  the  remaining  obstacle  in  obtaining  long 
service  life.  This  uneven  corrosion  resulted  in  unused  or  little-used  high 
spots  on  the  zinc  anode  which  hai’  the  effect  of  increasing  the  electrode 
spacing  and  hence  the  internal  resistance  of  the  cells.  Furthermore,  there 
were  instances  in  AVioch  the  unused  portions  of  the  zinc  were  sufficiently  sharp 
to  puncture  the  separator  and  short-circuit  the  cell. 
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(2)  The  experiments  described  in  the  followin;i 
paragraphs  were  c.rried  out  to  detenane  the  cause  of  uneven  zinc  corrosion. 

b.  Res’ultF  and  Discussion 

(1)  Experiment  No.  1 

(a)  A series  of  three  experiments,  performed 
under  vridely  vsrVng  conditions,  c^ve  rise  to  zinc  corrosion  patterns  of 
striking  similarity.  In  each  case  there  were  wrinkle  patterns  on  the  mix- 
cake  which  were  mir  or  images  of  the  z’-.nc  corrosion  pattern.  The  zinc  corro-?. 
Sion  pattern  in  all  three  instances  consisted  of  a well-used  center  portion 
bounded  by  a slightly  used  border.  The  only  feature  common  to  the  three  cells 
was  the  fabrication  of  the  mix-cakes  at  the  same  time,  using  the  technique 
described  for  Type  VI  electrodes. 

(b)  The  experimental  conditions  for  the  three 

tests  were  as  follows: 

Cell  1 - Tvije  VII  cathode,  immersed,  spacer 
(no  separator),  atmospheric  pressure 

Cell  2 - T’ppe  VII  cathode,  non- immersed,  glass 
wool  separator,  atmospheric  pressure 

Cell  3 - T^^pe  VI  cathode,  non- immersed,  Dynel 
separator,  1^  l^sig  chlorine  pressure 

All  cells  were  discharged  at  high  drain  rates  (l.O  to  2.0  amp/sq  in,).  After 
the  first  10  to  1$  minutes,  all  cells  exhibited  a fradual  drop  in  load  voltage. 
V/hen  the  cathodes  were  sectioned,  a dcrkened  area  v/as  observed  around  the 
perimeter  of  the  diffuser  element  of  each  of  the  three  electrodes.  The  darkened 
area  comprised  ay roxinately  1/2-in.  lateral  penetration.  This  closely  matched 
the  unused  border  of  the  zinc  anodes.  At  that  time  it  veas  believed  that  the 
darkened  areas  were  due  to  excess  Glv'tal  vrhich  had  entered  the  diffusers 
during  the  mix-cake  fabrication,  in  which  case  it  was  conceivable  that  the 
Glyptal-impregnated  portion  of  the  diffusers  acted  as  a block  to  chlorine 
diffusion.  In  order  to  determine  viiether  this  was  actually  the  case,  E:q3eri- 
ment  No,  2 was  performed, 

(2)  Experiment  No,  2 

Several  Type  VII  electrodes  were  wade  in  wixLch 
2 to  10  drops  of  pure  Gl;\'ptal  were  placed  on  the  center  of  the  diffuser  face 
prior  to  mix-cake  fabrication.  The  cells  utilizing  these  electrodes  v/ere 
discharged  for  l5  minutes  at  high  currents  and  then  disassembled.  The  tests 
made  -with  the  center- impregnated  electrodes  failed  to  disclose  any  corresponding 
non-uniformity  at  the  zinc  anode.  However,  the  mix-caJce  surface  continued 
to  develop  wrinkles  at  random  spots  which,  as  in  .previous  cases,  showed 
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corres  ending  irregularities  on  the  zinc  surface.  Cl'jse  inspection  of  the 
wrinkled  are.rs  indicated  that  these  were  regions  in  which  the  mix-cake  -and 
diffuser  were  out  of  contact  j causing  high  inte'  nal  resistance  at  these  points 
and  resulting  in  decreased  utilization  of  the  corres'  onding  zinc  area. 

(3)  Exjoeriment  No,  3 

This  experiment  showed  conclusively  that  poor 
bonding  between  the  mix-cake  and  the  diffuser  element  was  responsible  for 
irregularities  in  the  zinc  corrosion  pattern.  A Type  VII  cathode  was  construc- 
ted using  a clamping  device  in  which  the  clamping  plate  next  to  the  mix-cake 
contained  a small  hole  in  its  center.  The  cell  vfas  discharged  under  the 
same  conditions  as  previously  noted  and,  on  disassembly  of  the  cell,  the  anode 
exhibited  a reproduction  of  this  hole  as  an  upraised  portion  on  its  surface. 

(I4)  Conclusions 

The  above  expe‘ ii'ients  proved  that  good  bonding 
betv;een  the  mix-cake  and  diffusor  vras  of  primary  importance  in  obtiining 
uniform  utilization  of  the  zinc  anode.  As  a result,  a revised  method  of  mix- 
cake  fabrication  was  developed, 

8.  Cells  with  T:\n-;e  VIII  Cathodes 


a.  Develo  ;nent 

(1)  In  order  to  insure  good  bonding  between  the  mix- 
cake  and  diffuser  element  over  the  entire  electrode  surface,  the  method  of 
preparation  of  the  mix-cake,  as  described  previously  for  Type  VI  and  VII 
cathodes,  was  modified. 


(2)  Since  the  tests  with  center- i:.ipregnated  elec- 
trodes showed  no  dotectable  intorferonen  by  the  Glyptal  ryot  to  chlorine  diffu- 
sion, there  seemed  no  valid  objection  to  impregnation  of  the  entire  diffuser 
with  Glyptal  during  the  preparation  of  the  mix-cake. 

(3)  The  new  procedure  for  uiaking  the  resin-bonded 

mix-cake  is  as  follov^s:  A piece  of  V/hatman  No.  1 filter  pape.'  is  placed  on 

a surface-! round  steel  plate.  On  top  of  the  filter  paper  is  placed  a flat 
steel  mold  2-l/U  x U-l/U  in.  in  intern;!  are;,  and  3/32  in.  deep.  The  depth 
of  the  mold  'S  s ch  that  the  result.- np  cavity  v/ill  conta-n  O.I8  g of  Cabot 
No.  20U7  battery  carbon  black  per  square  inch  of  diffuser  surface.  The 
carbon  black  is  added  in  excess  by  mr.ans  of  a flour  sifter.  A straight-edge 
leveling  bar  is  then  moved  across  the  mold  surface  to  remove  the  excess  carbon. 
Another  steel  frame,  2-l/U  x U-l/U  in.  in  internal  area  and  l/U  in.  deep,  is 
positioned  over  the  ;i;old  by  means  of  a series  of  guide  pins.  This  frame  serves 
as  a fuide  when  the  diffuser  ele-nent  is  pieced  on  the  cer’on  black.  The 
diffuser  element  (Grade  Uo  or  60  as.  specified  in  each  experiment),  prior  to 
being  placed  on  the  carbon  black,  is  saturated  with  t)ie  bonding  agent,  a 
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mixture  of  Glyptal  and  thinner  in  the  volume  ratio,  unless  othe:"virise  specified, 
of  1:3.  After  the  diffuser  is  positioned  in  the  guide,  another  surface-ground 
steel  plate  is  placed  on  the  diffuser  element  and  the  entire  assembly  is 
pressed  at  190  psi  for  several  minutes,  the  higher  pressure  ensuring  better 
contact  b‘"’tween  the  faces.  The  mold  and  guide  are  then  removed,  and  the 
electrode  is  clamped  at  a pressure  of  190  psi  and  baked  for  2h  hours  at  70°C, 
After  bonding  is  completed,  any  filter  paper  adhering  to  the  mix-cake  surface 
is  I'emoved  by  means  of  fine  emery  paper. 

b.  Testing  Procedure  and  Conditions 

(1)  The  physical  assembly  of  the  cells  uvas  identical 
with  that  used  for  cells  employing  the  Type  VII  electrode. 

(2)  The  tests  vrere  conducted  at  an  accelorated  rate, 
i.e.,  the  cells  were  externally  short-circuited  in  order  to  maintain  the 
maximum  current  drain  possible  for  a period  of  $ hours. 

c.  Resilts  and  Discussion 

(1)  The  results  of  the  first  test  (using  a Grade  60 
porous  carbon  block  are  s own  in  Figure  26.  The  cell  was  discharged  at  a 
constant  current  density  of  2.2^  amp/sq  in.  for  5 hours.  The  specific  internal 
resistance  at  the  end  of  this  ;eriod  was  0,33  ohm-sq  in.  The  load  voltage  at 
the  drain  of  2.29  amp/sq  in.  was  1.03  volts  and  remained  relatively  constant 
over  the  entire  9-hour  period.  At  the  conclusion  of  the  test  the  cell  was 
disassembled.  The  surface  uniformity  of  the  zinc  was  exes'* lent.  The  surface 
of  the  mix-cake  was  free  of  wrinkles  or  any  other  indication  of  change. 

(2)  A test  was  conducted  using  a thinner-to-Glyptal 
ratio  of  2 to  1 rather  than  3 to  1,  This  cell  was  discharged  at  an  average 
current  drain  of  1.9  arap/sq  in.  for  9 hr.  The  specific  internal  resistance 
of  the  cell  v/as  0.90  ohm-sq  in.,  and  the  load  voltage  dropped  from  I.l8  to 
0.99  volts  during  the  test.  The  zinc  anode  used  in  this  test  v.'as  only  l/8  in. 
thick,  and  substantial  portions  around  the  perimeter  of  the  zinc  had  been 
completely  used,  result '-ng  in  a progressive  voltage  drop  near  the  end  of  the 
test  (see  Figure  27).  Once  again  the  surface  uniformity  of  the  zinc  was  good, 
and  the  mix-cake  v/as  free  of  any  visible,  phvsical  change.  However,  because 
of  the  lower  pov/er  output  of  this  cell,  compared  with  that  discussed  in  the 
previous  paragraph,  alJ.  subsequent  mix-cakes  were  made  using  a thinner  to 
Glyptal  ratio  of  9 to  1. 

9*  Additional  Experiments 


a.  Effect  of  Temperature 

(l)  To  measure  the  effect  of  temperature  on  cell 
performance,  a cell  employing  a Type  V cathode  was  discharged  at  a clilorine 
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pressure  of  one  atmosphere  inside  a heated  cnambcr.  The  electrolyte  feed  line 
vifas  passed  through  the  heating  bath  to  '.reheat  the  electrolyte.  The  tempera- 
ture recorded  as  that  of  the  system  ■was  the  temperature  of  the  effluent 
electrol:\d.e  at  the  bottom  of  the  chamber. 

(2)  The  cell  was  discharged  for  one  hour  at  room 
temperature  (22°C)  and  then  heated  to  76°C  in  20  minutes.  The  voltage  rose 
from  1,92  to  1.95  at  a drain  of  2.00  a .p  (0,25  amp/sq  in).  The  voltage  re- 
turned to  1,92  when  the  system  was  cooled.  This  gain  was  approximately  that 
expected  on  the  basis  of  increased  conductivity  of  the  electrolyte.  The 
opposite  effect, caused  by  the  decreasing  solubility  of  chlorine  v/ith  increasing 
temperature,  was  ap.arentlv  negligible. 

b.  Silicone-Bonded  ilix-Cake 

(1)  A Type  VIII  cathode  v/as  fabricated  in  which  Dow- 
Corning  XR-807  silicone  resin  v/ar-  used  as  the  bonding,  agent.  Tte  XR-807  is  an 
allcyd-silicone  resin  contain-ijig  25/t  silicone.  The  bonding  mixture  used  was  one 
part  resin  to  four  psrts  thinner.  Th  ■ cell  employing  this  cathode  v/as  dis- 
charged for  3 hours  at  2.0  ar.ip/sq  in.  (see  Figure  28),  The  specific  internal 
resistance  of  the  cell  was  0,29  ohm-sq  in.  The  corrosion  of  the  sine  was  very 
uniform,  and  the  nix-cake  surface  shovred  no  detectable  change. 

(2)  As  the  above  experinent  indicates,  there  are 
other  resins  which  can  be  used  in  place  of  Glyptrl.  The  choice  of  Glyptal 
was  dictated  by  convenience,  and  it  is  quite  conceivable  that  an  active  search 
could  reveal  a bonding  agent  vhose  chemic--'l  inertness  is  equivalent  to  that 

of  Gl-\ptrl  but  whose  use  •.'light  res  It  in  a cell  vath  a.  lower  internal  resistance, 
Furthermcro,  the  curing  of  Gl\ptnl  1202  (a  thermosetting  resin)  involves  an 
oxidation  process  as  well  as  heat  conversion.  It  ^^Duld  be  a distinct  advant- 
age to  substitute  a non-oxidizing,  he at- convertible  thermosetting  resin. 

c.  Effect  of  Increased  Electrolyte  hath 

(1)  A cell  em'ploying  a Tjpe  V electrode  hose 
dimensions  were  2 in.  x 8 in,  x 0,5  in.  was  constructed.  The  method  of  elect- 
rol-yte  feed  (i.  e.,  vdth  the  electrolyte  added  at  the  to.;  of  the  cell  tlirough 
a multiple  dropper)  was  the  same  as  in  the  normal-sized  cells.  Thus,  the 
electrolyte  path  through  the  cell  was  effectively  doubled. 

(2)  After  2 hours  discharge  at  1.5  am'p/sq  in.,  v/hich 
is  sufficient  to  ; ive  an  interprotable  anode  corrosion  pattern,  the  cell  was 
disasser-'bled  and  inspected.  Wo  detectable  difference  in  corrosion  occurred 
between  the  upper  and  lower  portions  of  the  electrode.  This  indicated  that 
the  present  method  of  electrol3rte  entio/  was  adequate  for  long  cell  configura- 
tions. 
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d.  Studies  on  Separator  Materials 

(l)  The  poor  mechanical  strength,  as  well  as  the 
difficulties  in  handling  of  glass  wool,  led  to  the  search  for  a nevif  separator 
material.  The  following  materials  were  investigated: 

(a)  Webril,  impregnated  with  Polyblend  (Kendall 
Mills) 


(b)  Webril,  impregnated  with  OIS  latex  (Kendall 
Mills) 

(c)  Glass-fiber  naper  (Hurl^^ut  Paper  Company) 

(d)  Non-woven  Dynel  mats  (Kendall  Mills) 

(2)  The  impregnated  V/ebril  materials  suffered  pro- 
gressive chemical  deterioration  during  cell  operation.  No  such  failure  occurred 
with  Dvnel  or  glas  -fiber  paper.  However,  after  initial  saturation  of  these 
two  separators  by  electrolyte,  there  was  little,  if  any,  evidence  of  free 
passage  of  fresh  electrolyte  through  the  separators.  As  a result,  concentra- 
tion polarization  caused  rapid  cell  failure. 


in  progress. 


(3)  The  search  for  a new  separator  mate 'ial  is  still 


e.  Self-Leveling  Ability  of  Anodes 

(1)  The  anode  in  a cell  system  such  as  that  under 
consideration  is  i.n  principle  self-leveling.  Any  raised  portions  of  the  anode 
surface  would  have  a higher-than-average  local  current  density  and  utiliza- 
tion rate  because  of  the  smaller  electrode  spacing  and  consequently  smaller  iR 
drop  through  the  electrolyte.  However,  in  practice,  self-leveling  of  the  anode 
does  not  occur  if  the  cathode  exhibits  gros  variations  in  properties.  Cathodes 
embodying  the  improvements  in  mix-cake  mol^  ing  discussed  in  this  report  and  so 
uniform  that  even  relatively  large  variations  in  the  anode  surface  are  self- 
leveling, as  the  following  experiment  shows. 

(2)  A cell  was  discharged  at  high  drain  for  l8.2 
ampere-hours,  usin/  a smooth  zinc  anode,  and  then  disassembled.  Examination 
of  the  anode  revealed  a uniform  corrosion  pattern,  indicating  that  the  cathode 
had  been  properly  fabricated. 

(3)  The  same  cathode  was  assembled  into  a cell  with 
an  anode  which  had  an  irregalar  corrosion  pattern  as  the  result  of  a previous 
cell  failure.  This  cell  was  discharged  at  high  drain  for  l.U  ampere-hours 
and  then  disassembled.  Examination  of  the  zinc  revealed  that  the  corrosion 
pattern  had  become  almost  completely  uniform,  thus  confirming  the  anticipated 
eeif-leveling  csqjability  of  the  present  zinc-chlorine  cells. 
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10,  Cells  with  Type  IX  Cathodes 

a.  Development 

(1)  As  described,  the  mix-cake  for  Type  VIII  cathode 
was  made  on  the  surface  of  a piece  of  Whatman  No,  1 filter  paper.  Presumably, 
almost  any  grade  of  filter  paper  would  have  been  equally  acceptable.  After 
the  Glyptal-bonded  mix-cake  was  baked,  the  filter  paper  was  removed  from  the 
mix-cake  surface  by  means  of  fine  emery  paper.  Generally,  the  latter  opera- 
tion resulted  in  variations  in  thickness  and  uniformity  in  any  one  mix-cake 
and  between  different  mix-cakes. 

(2)  This  indesirable  variable  was  eliminated  by 
substitution  of  0.0o2-in. -thick  aluminum  foil  for  the  filter  paper.  After 
baking,  the  foil  was  easily  stripped  off,  leaving  a clean,  uniform  mix-cake 
surface  which  required  no  further  treatment. 

(3)  In  many  instances,  at  the  conclusion  of  a test, 
a projection  of  unused  zinc  was  found  on  a lovrer  corner  of  the  anode  (Figure 
29A) , The  projection  apperred  on  the  corner  of  the  zinc  directly  opposite  the 
sealed  end  of  the  chlorine  exit  hole.  In  such  cases,  the  projection  caused 
increasing  separation  betv/e-n  anode  and  cathode  during  operation,  with  a 
resultant  increase  in  internal  resistance.  Frequently,  this  projection  punc- 
tured the  separator  and  short-circuited  the  cell,  causing  failure. 

(li)  In  an  attempt  to  eliminate  this  difficulty,  the 
sealed  end  of  the  chlorine  exit  hole  was  opened  and  an  exit  tube  was  provided 
from  each  side  of  the  cathode.  This  procedure  resulted  in  the  appearance  of 
smaller  projections,  one  on  each  Iow^t  corner  of  the  anode  (Figure  2?B) , 

(5)  It  became  apparent  that  the  preliminary  flushing 
of  the  porous  cathode  with  clilorine  did  not  remove  residual  air  from  the  pores 
of  the  diffuser  in  the  region  immediately  above  the  chlorine  exit  hole,  Uni- 
foim  utilization  of  zinc  at  the  lower  comers  was  ac  ieved  (Figure  29C)  by 
extending  the  lower  cathode  at  least  l/U  in.  below  the  zinc  anode,  so  that 
the  region  of  the  diffuser  opposite  the  exit  holes  need  not  be  cathodically 
active.  In  large  cells  it  will  be  possible  to  effect  this  arrangement  without 
significantly  increasing  the  waste  volume  of  the  cell,  although  in  the  labora- 
tory cells  it  results  in  a rather  large  ratio  of  total  volume  to  active  volume, 

(6)  Figure  30  is  a sketch  of  the  cathode  currently 
used  and  represents  what  is  considered  the  final  design. 

b.  Testing  Procedure  and  Conditions 

(l)  All  tests  were  conducted  at  atmospheric  pressure 
using  glass  wool  (Pyrex  Catalogue  No,  800)  as  the  separator. 
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(2)  The  Glyptal-to-thinner  ratio  used  for  mix-cake 
fabrication  was  1:3  in  evei^''  instance. 

(3)  The  general  procedure  for  extended  discharge 
tests  was  to  subject  the  cell  to  a short  (0.^  to  1.0  hr),  high-drain  (2.0  to 
3.0  amp/sq  in.)  discharge.  At  the  end  of  this  period,  if  the  cell  showed  no 
s-igns  of  failure  (i.e.,  voltage  drop),  the  circuit  load  was  decreased  to 
maintain  a discharge  rate  of  0.2^  amp.sq  in.  for  the  remainder  of  the  test 
period. 


c.  Results  and  Discussion  - Extended  Discharge  Test  No.  1 

(1)  This  cell  operated  for  a total  of  170  hr,  the 
last  two-thirds  of  the  period  vri.th  a cracked  diffuser.  This  successful  opera- 
tion with  a broken  cathode  demonstrated  the  ability  of  the  present  design  to 
perform  under  adverse  conditions. 

(2)  Details  of  the  constriiction  and  operation  of  the 
cell  are  given  in  Table  IV  and  F'gure  31.  The  diffuser  was  made  of  Grade  60 
porous  carbon.  The  zinc  anodes,  v;ith  an  effective  area  of  7.3  sq  in.,  were 
l/U  in.  thick  (equivalent  to  2$  amp-hr/rq  in.).  The  cell  was  operated  at 
0.275  amp/sq  in.,  and  each  anode  therefore  had  a theoretical  operating  life 

of  91  hr.  New  anodes  and  separators  v;ere  installed  approximately  every  50  hr. 
The  glasr-wDol  separator  was  0.0U5  in.  thick  and  there  was  no  initial  high- 
drain  discharge. 


(3)  Wnen  the  first  anode  vras  changed  after  U9.3^  of 
the  theoretical  life,  examination  showed  that  the  zinc  surface  v/as  rough,  but 
uniformly  used.  However,  there  was  evidence  that  the  roughnes'.  of  the  zinc 
surface  caused  mechanica.1  abrasion  of  the  glass  -wool  separator,  vdth  the  result 
that  some  of  the  sharper  portions  of  the  zinc  surface  penetrated  the  separator. 
This  resulted  in  short-circuiting  of  the  cell  and,  of  course,  declining  cell 
voltage.  Identical  results  ’«ere  obtained  with  each  anode  used  in  the  testj 
i.e.,  uniform  zinc  surface  usage  accompanied  by  roa  hening  of  the  surface. 

(h)  Examination  of  the  separators  during  each  cell 
disassembly  revealed  the  presence  of  the  black,  flaky  deposit  (principally 
lead)  mentioned  earlier  in  the  report.  Although  surface  amalgamation  of  the 
anodes  had  not  entirely  prevented  formation  of  the  deposit,  it  was  eliminated 
in  succeeding  tests  by  the  addition  of  a small  amount  of  mercuric  chloride  to 
the  electrolyte.  It  is  believed  that  in  the  future,  utilization  of  zinc  of 
high  purity  (99.96  wt  %)  vrill  eliminate  the  necessity  of  adding  mercuric 
chloride  to  the  electrolyte. 

(5)  It  is  of  interest  to  note  that  each  change  of 
the  anode  resulted  in  an  initial  operating  voltage  which  was  higher  than  the 
initial  operating  voltage  of  the  preceding  electrode  pair.  Table  IV  shows  that 
no  significant  decrease  in  initial  internal  resistance  occurred  with  each 
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z^nc  change.  No  completely  satisfactory  explanation  of  this  phenomenon  has 
yet  be‘-n  advanced. 


(6)  At  some  t->me  betv'een  70  and  85  hours,  the  cathode 
was  cracked  across  the  center  as  a result  of  momentary  excessive  clamping 
pressure,  but  no  immediate  change  in  performance  resulted.  During  succeeding 
cell  disassemblies,  electrolyte  v/as  prevented  from  penetriting  through  the 
crack  by  carefal  manipulation.  There  was,  however,  some  evidence  of  local  . 
action  on  the  anode,  thus  lead-^nc  to  a decrease  in  zinc  utilization  efficiency. 
However,  the  test  was  carried  to  conclusion. 

(7)  At  the  end  of  seven  days  of  continuous  operation 
the  anode  and  separator  were  changed  again,  and  the  cell  was  operated  at  the 
high  average  current  of  1.96  a' p/sq  in.  for  3 hours.  Cell  performance  is 
illustrated  in  Figure  32.  The  specific  internal  resistances  at  the  beginning 
and  end  of  the  high-drain  period  were  0,39  ohm-sq  in,  and  0.5b  ohm-sq  in., 
respectively.  This  performance  indicated  that  despite  the  crack,  the  cathode 
had  not  become  substantial!:  wet  during  the  seven-day  period, 

(8)  The  effect  on  cell  performance  of  electrolyte 
penetration  through  the  crack  v/as  illustrated  by  the  following  experiment: 
Immediately  after  the  high-drain  operation  of  the  cell  (Paragraph  7,  above), 
the  current  drain  v/as  re-established  at  0.275  amp/sq  in,  and  maintained  for 
11  hours.  The  cell  voltage  after  11  hours  was  1.73  volts.  At  this  point, 
chlorine  feed  was  interrupted  for  3.5  hours.  When  the  chlorine  feed  v/as 
resumed,  the  initial  cell  volt/ge  v/as  dov/n  to  1.56  volts  at  0,275  amp/sq  in. 
Within  5 hours,  the  cell  voltage  had  dropped  to  0,82  volt,  although  the  open- 
circuit  voltage  v/as  still  2.11  volts.  At  this  point,  a new  zinc  anode  was 
substituted,  v/ith  no  improvement  in  cell  performance.  After  1,3  amp  hr, 
disassembly  of  the  cell  revealed  almost  no  utilization  of  the  lower  half  of 
the  z’nc  anode,.  Large  quantities  of  electrolvd-e  could  be  blown  from  the  exit 
tubes  of  the  cathode.  This  experii-.ent  showed  that  deliberate  interruption  of 
chlorine  supply  to  a defective  c/thode  could  cause  failure,  although  by  proper 
handling  the  cathode  could  be  made  to  perform  satisfactorily  for  an  extended 
time . 


(9)  The  completion  of  this  test  represented  the 
first  successful  use  of  a single  cathode  for  an  extended  period.  The  need 
for  a separator  li.th  greater  mechan-’cal  strength  as  well  as  the  need  for  the 
elimination  of  the  separator  surface  deposit  was  emphasized  bv  this  extended 
discharge  test.  Despite  these  defects,  the  test  showed  conclusively  that  a 
cathode  constructed  by  the  technique  described  herein  is  capable  of  operating 
for  at  least  seven  days  without  change  or  degeneration.  Furthermore,  utiliza- 
tion of  the  zinc  surface  has  been  shown  to  be  uniform  over  extended  periods 
of  low-drain  operation  as  well  as  over  short  periods  of  high-drain  operation, 

d.  Results  and  Discussion  - Extended  Discharge  Test  No.  2 

(l)  The  cell  used  in  this  test  was  similar  to  that 
used  in  the  first  test  except  that  the  diffuser  was  of  Grade  Uo  instead  of 
Grade  60  porous  carbon,  and  the  separator  was  only  0,030  in.  thick. 
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(2)  An  initial  hif.h-drain  discharge  of  8,8  amp-hr 
at  2.6  amp/sq  in.  established  that  the  cathode  was  serviceable.  During  the 
test  a current  density  of  0,2$  amj^sq  in.  was  maintained.  The  electrolyte 
used  in  this  test  contained  5g  HgCl2(in  100  ml  12N  HCl)  in  5 gal  of  simulated 
sea  water.  Further  details  of  the  construction  and  operation  are  given  with 
the  results  in  Table  V and  Figure  33. 

(3)  Operating  voltages  of  this  cell  were  higher  than 
those  of  the  previous  cell.  Furthermore,  during  the  fir,<;+.  <n  hcuio,  the 
voltage  dropped  far  less.  The  fust  anode  was  replaced  after  of  its 
theoretical  operrting  life.  A small  leak  developed  in  the  cathode  surface 
after  approximately  80  hours,  resulting  in  diminished  cell  efficiency  (both 
chlorine  and  zinc)  and  nece  'sitating  increasingly  frequent  anode  changes. 

These  changes  are  indicated  in  Figure  33.  Attempts  to  repair  the  leak  per- 
manently did  not  prove  successful. 

(U)  Several  points  may  be  noted  regarding  the  be- 
havior of  the  cell  after  each  anode  change.  First,  the  initial  operating 
voltage  became  lovrer  after  the  leak  had  developed.  Second,  the  decline  in 
cell  voltage  becrane  increasingly  rapid  yrith  each  zinc  change.  Furthermore, 
each  succeeding  anode  revealed  a poorer  corrosion  pattern.  Obviously,  in 
this  cfse,  the  leak  not  only  permitted  chlorine  to  escape  tlurough  the  mix-cake 
but  also  permitted  electrolyte  to  penetrate  into  the  cathode.  This  led  to 
improper  chlorine  distributiDn  v/ithin  the  diffuser  and,  as  a result,  to  poorer 
and  poorer  corrosion  patterns. 

(5)  At  the  conclusion  of  the  seven-day  period,  the 
cathode  surface  appeared  unchanged.  It  was  apparent  that  Grade  Uo  carbon 
could  be  successfully  used  as  a diffuser.  The  sudden  decline  in  performance 
of  the  cell  after  80  hours  was  due  to  the  development  of  a chlorine  leak  near 
the  edge  of  the  cathode,  rather  than  to  an  inherent  inability  of  the  cathode 
to  perform  for  the  required  period. 

e.  Results  and  Discussion  - Extended  Discharge  Test  No,  3 

(1)  In  this  test,  the  cell,  v/nich  contained  a Grade 
Uo  porous-carbon  diffuser,  v^as  assembled  v/lth  a single  zinc  anode  3/U-in. 
thick,  sufficient  for  cell  operation  during  the  entire  test  period.  The  anode 
was  made  by  clamping  together  six  I/8- in. -thick  surface-amalf amated  zinc 
pieces-  for  1 hr. 


(2)  Separator  thicknesses  of  0,030  in,  during  the 
first  96  hr  and  0,0U5  in.  for  the  last  72  hr  were  used.  The  electrolyte 
contained  HgCl2  as  in  Test  No,  2.  The  preliminary  high-drain  discharge  at  2.5 
amp/sq  in,  was  for  9.0  amp-hr;  the  rate  during  the  test  was  0,25  arap/sq  in. 
Further  details  of  the  test  are  given  in  Table  VI  and  Figure  3U. 
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(3)  Figure  3U  indicates  a remarkable  improvement 
in  extended  ooeration.  The  initial  drop  from  1,  i'7  volts  to  1,6^  volts 
represents  nomal  cell  performance  when  cell  operation  is  chanped  to  low-drain 
discharge  after  a period  of  high-drain  discharge.  Visual  observation  showed 
that  the  second  drop,  from  1.6^  volts  to  1.6l  volts,  occurred  as  the  first 
interface  was  reached.  At  and  beyond  t’uis  point,  the  cell  maintained  remark- 
able stability  at  1.6l  volts  for  a continuous  period  up  to  136  hours  (96  hours 
at  1.61  volts).  At  136  ho-rs,  a 2-  our  interruption  in  chlorine  feed  effected 
a sufficient  increase  in  internal  resistance  to  cause  a volt-  ge  drop  to 
approxi  ■ ately  1.5l  volts,  ivhere  it  remained  until  the  end  of  the  seven-day 
period. 


(U)  At  96  hour.'^,  a decrease  in  the  o’"en-circuit 
voltr  e indicated  that  cell  disassemblv  was  advisable.  It  was  discovered  that 
c 'nditions  at  the  anode  and  cathode  surface  were  excellent,  but  that  mechan^crl 
abrasion  had  caused  enough  t 'ar'ng  of  the  seoarator  to  produce  some  contact 
between  anode  and  cathode.  Figure  35  is  a picture  of  the  separator.  A new 
0.0U5  -in.  thick  separator  was  'nstalled,  and  the  test  was  resumed  vdth  no 
change  in  operating  voltage.  The  mechanical  abrasion  was  probably  caused  by 
relative  movement  of  anode  and  cathode  as  the  cell  cla-p  is  tightened;  a more 
efficient  clamping  device  now  being  designed  will  eliminate  this  trouble. 

(5)  The  interruption  of  chlorine  flow  resulted  in 
some  electroljde  penetration  into  the  cathode,  vdth  a subsequent  increase  in 
internal  resistance.  The  operating  voltage  0^  the  cell  remained  at  approxi- 
mately 1.50  volts  from  I68  hours  until  about  175  hours,  after  ivhich  a steady 
decline  began.  At  190  hours,  the  cell  voltage  was  do^vn  to  I.l5*  Disassembly 
of  the  cell  at  this  roint  revealed  that  riuch  less  of  the  upper  half  of  the 
zinc  had  been  utilized  than  the  lower  half,  indicating  that  the  upper  portion 
cf  the  cathode  had  become  wet  with  electrolyte  during  chlorine  interruption. 

The  cathode  surface  condition  appeared  excellent  after  I90  hours,  and  the 
corrosion  pattern  of  the  zinc  surface,  although  higher  in  the  upp'^r  portion, 
was  free  from  gross  surface  irregularities.  Judging  from  the  performance  of 
the  cell  during  the  first  136  hours,  and  the  condition  of  the  anode  and  cathode 
at  the  conclusion  of  the  test,  it  appears  highly  probable  that  stable  cell 
operation  can  be  obtained  for  extended  periods. 

f.  Conclusions 

The  successful  completi.m  of  extended  discharge  test 
No.  3 indicated  that  the  final  design  of  the  cathode  was  intrinsically  sound. 
Its  ability  to  operate  for  extended  periods  has  been  demonstrated.  Consequentljj 
it  was  believed  that  the  time  had  arrived  to  attempt  a scaling  up  of  the 
small  cell  to  a size  which  raifht  be  considered  as  a small  operational  unit. 

The  results  of  such  efforts  are  described  in  the  following  section. 
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11,  Large  Cells  - Type  IX  Cathodes 

a.  Introduction 

(1)  One-foot-square  cells  were  constructed  using 

as  nearly  as  possible  the  preparative  technique  developed  for  the  small  cells. 

A cell  th:' s size  is  large  enou^  to  be  considered  a small  operational  unit, 
inasmuch  as  a ,hU0-v  battery  of  such  cells  would  deliver  approximately  15»000 
watts  at  the  most  economical  dra^n  of  0,2$  amp/sq  in.  At  maximum  power,  such 
a battery  would  deliver  close  to  $0,000  watts,  at  approximately  2U0  v. 

(2)  The  first  of  these  large  cells  '.ested  f ave  out- 
standing performance  during  the  initial  2h  hr.  Performance  thereafter  was 
impaired  by  vretting  of  the  electrode,  a result  cf  an  imperfection  in  the  elec- 
trode surface'  that  vrould  not  be  present  in  a production  cell, 

(3)  A special  set  of  molds  and  an  associated  clamping 
device  wr-re  designed  and  fabricated  in  order  to  prepare  the  mix-cake  by  the 
technique  developed  for  the  Type  IX  cathode.  An  additional  refinement  in  the 
clanfjing  device  provided  for  the  removal  of  thinner  vapors  from;  and  the  drawing 

' of  air  throughjthe  diffuser  element  during  the  baking  period. 

b.  Testing  Procedures  and  Conditions 

The  diffuser  element  v/as  of  Grade  i;0  Carbocell  and 
the  separator  thickness  was  0.030  i.  . The  electrolyte,  which  contained  HgCl2 
as  described  in  the  previous  section,  was  re-circulated  during  the  test.  No 
preliminary  high-drain  discharge  was  .itade,  the  current  being  adjusted  iJianedi- 
ately  to  0,2$  amp/sq  i’^,,  where  it  y/as  '.naintained  throughout  the  test  period. 

c.  Results  and  Discussion 

(l)  Results 

(a)  Figure  36  illustrates  the  results  of  the 
initial  test  of  a large  cell.  The  performance  of  the  cell  during  the  first 
2h  hr  operating  period  was  very  good,  being  compar  ble  with  thct  of  small  cells. 
The  terminal  voltage  varied  from  an  initial  value  of  1.66  volts  to  a final 
value  of  1.72  volts.  The  specific  internal  resistance  at  1 and  $ hr  was  found 
to  be  0.6$  ohm-sq  .in. 


(b)  Fifure  36  compares  the  2U-hr  performance 
of  the  large  cell  and  the  small  cell  in  extended  discharge  test  No,  3.  It  is 
apparent  that  the  sca.ling-up  proces  was  ac,co:iplished  with  no  loss  in  per- 
formance at  moderate  current  dra  ns,  demonstrating  the  feasibility  of  fabricat- 
ing operational-unit  size  cells. 
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(c)  Shortly  after  the  2lt-hr  period,  a 3-hr 
interruption  of  chlorine  flow  during  the  night  resulted  in  sufficient  wetting 
of  the  cathode  to  cause  gradual  cell  failure.  However,  in  order  to  develop  a 
definite  corrosion  pattern,  the  discharge  of  the  cell  was  continued  at  0,25 
amp/sq  in,  until  a total  of  56  hr  had  passed,  at  which  time  the  voltage  was 
still  1,28,  The  test  was  then  terminated, 

(2)  Discussion 

It  has  been  demonstrated  that  large  cells  can  be 
made  that  almost  duplicate  the  performance  of  small  cells.  It  is  important 
that  such  good  performance  was  obtained  v;ith  the  first  large  cell  tested,  after 
a 20-fold  scale-up  from  the  small  size.  The  experience  gained  in  the  fabrica- 
tion of  this  cell  will  enable  succeeding  cells  to  give  performance  equal  to  or 
better  than  that  of  small  cells, 

C,  MGNESIM-OXYGEN  CELLS 
1,  Introduction 


Early  in  the  year  efforts  were  made  to  develop  a magnesixun- 
oxygen  cell  in  which  the  difficulties  associated  v/ith  basic  deposits  on  the 
anode  could  be  overcome.  An  investigation  was  made  of  the  feasibility  of  using 
a recirculating,  chlorine-free  electrolyte  in  the  cell  in  addition  to  the 
adaptability  of  Air-Cell  carbon  cathodes  to  the  magnesium-oxygen  system.  Be- 
cause the  results  obtained  contrasted  so  unfavorably  with  the  then  known 
characteristics  of  the  zinc-chlorine  system,  further  work  on  magnesium-oxygen 
cells  did  not  apipear  warranted. 

2.  Results  and  Discussion 

a.  Magnesium-Oxygen  Cells  v;ith  Air-Cell  Carbon  Cathodes 

(l)  When  an  Air-Cell  carbon  cathode  with  forced  air 
flow  (Section  A,3,(b),(5))  was  used  vfith  a magnesium  anode  in  a saturated 
ammonium  chloride  electrolyte,  an  initial  performance  of  l.l8  volts  at  0ol5 
amp/sq  in.  was  obtained,  but  the  voltage  fell  rapidly.  Examination  revealed 
that  the  electrolyte  had  penetrated  approximately  0,25  in.  into  the  carbon  in 
an  hour. 


(2)  Acid  electrolyte  (0.5N  hydrochloric  acid)  pene- 
trated the  Air-Cell  carbon  even  more  rapidly,  and  xvithin  an  hour  a steady  0,89 
volt  at  0,l5  an5)/sq  in.  was  reached,  owing  entirely  to  hydrogen  evolution  on 
the  cathode;  i.e.,  the  output  of  the  cell  remained  constant  long  after  the  air 
supply  was  cut  off. 
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(3)  It  must  be  assumed,  therefore,  that  the  Air- 
Cell  carbon  developed  for  use  in  an  alkaline  cell  is  probably  unsuitable  for 
long-term  use  in  neutral  or  acid  electrolj'tes. 

b.  Magnesium  Hydroxide  Precipitate 

(1)  In  order  to  determine  the  feasibility  of  using 
a recirculating,  chloride-free  electrolyte  in  the  cell,  with  magnesium  hydr- 
oxide removed  from  the  cell  effluent  by  filtration,  the  following  test  was 
made.  The  object  was  to  find  the  amount  of  electrolyte  that  would  be  removed 
from  the  circulating  system  with  the  magnesium  hydroxide  and  hence  vrould  have 
to  be  supplied  as  makeup. 

(2)  A piece  of  magnesium  was  completely  anodized  in 
sodium  sulfate  solution  and  the  precipitate  v^as  filtered  and  ’-.eighed.  The 
cathode  was  pure  silver  sheet.  An  external  emf  was  applied.  The  current 
density  varied  from  0 to  O.U  amp/sq  in,  for  2U  hr;  the  magnesium  current 
efficiency  was  found  to  be  59/S. 

(3)  It  was  found  that,  for  38. U g of  magnesium  used, 
h$2,3  g of  precipitate  vras  formed  as  a wet  filter  cake.  This  corresponds  to 
20  moles  of  water  per  mole  of  magnesium  hydroxide.  Thus,  the  use  of  magnesium 
anodes  appears  to  be  ruled  out,  as  it  is  not  feasible  to  carry  or  produce 
enough  chloride-free  wate'"  to  make  up  for  that  lost  in  the  filter  cake. 
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TABLE  I 

COIIFOSITION  OF  SIMULATED  SEA  ViUVTER* 


Salt 

g/kg 

NaCl 

26.518 

MgCl2 

2.UU7 

MgSOj^ 

3.305 

CaCl2 

l.llil 

KCl 

0.725 

NaHCO^ 

0,202 

NaBr 

0.083 

3U.U2I 

water  to  lOOO.OO 


Sverdrup  et  al..  The  Oceans.  Prentice-Hall,  Inc.,  New  York,  19U2,  p.  186. 
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TABLE  II 

AMjiL'^SIS  OF  SEP/JR^.TOR  DEiOSIT  AND  ZJi'iC 
^ Composition 


Element 

Zinc  Anode 

Separator  De.'osit 

Aluminum 

0.0063 

Bismuth 

0,023 

Boron 

0,028 

Cadmium 

0,05 

0.11 

Calcium 

0.18 

Chromium 

0.00068 

Copper 

0.15 

Gallium 

0.067 

Iron 

0,03 

0.27 

Lead 

0,30 

80.00 

Magnesium 

0.21 

Manganese 

0.0015 

Me  rcui^'’ 

5.00* 

Silicon 

0.059 

Silver 

0.00U6 

Tin 

0,0li2 

Zinc 

99.62 

2.U0 

Chloride 

6.10'^ 

^ Most,  if  not  all,  the  i;iercur>'  comes  from  the  amalgamation  of  the  anode. 
Chloride  comes  from  the  electrolyte. 
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TABLE  III 


RESISTIVITIES  OF  C:  RBO-FIX  BONDS 

Basic  Mixture:  20  g Cabot  No,  20li7  battery  carbon  black 

110  ml  Carbo-Fix  liquid 


Wt^  Carbo-Fix 
Powder 

0 

10 

20 

30 


Type  of 
Bonded  Element 

Zinc  duplex-diffuser 
4^ 


Resistance 
ohm-sq  in, 

0,725 

0,712 

0,029 

0.016 


0 

10 

20 

30 


Zinc  metal -diffuser  Bond  failiure 

0.336 

0.322 

0.U20 
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TABLE  IV 


EXTE^DED  DISCHARGE  TEST  NO,  1 


Cell  Behavior  Vifith  Time  (see  Figure  3l) 


Effective  specific  internal  resistance,  Rj[ 
Time  (hr)  Cell  voltage  (ohm  - sq  in.) 


0,5 

1.71 

— 

2 

— 

0.39 

8 

1.67 

- — - 

16 

1.65 

— 

22 

— — 

0.66 

2h 

1.58 

— 

32 

1.U8 

— 

Uo 

1.29 

— 

U5 

1.31 

0.85 

1.7U 

o.Uo 

U8 

1.75 

— 

56 

1.714 



6U 

1.65 

— 

68 

— 

0.70 

72 

1.55 

— 

80 

1.U7 

— 

88 

l.ho 

— 

90 

1.3U 

0.87 

90-' 

1.73 

0.h2 

92 

— 

0.39 

96 

1.75 

0.39 

100 



o.Uo 

lOU 

1.76 

— 

112 

1.69 

— 

117 

- — 

0.85 

120 

1.56 

— 

12U 

— 

1.27 

128 

1.U2 

— 

136 

1.U2 

— 

lUi 

1.28 

i.Uo 

lUi'"' 

1.76 

0.39 

lh3 

— 

O.Ul 

lUU 

1.02 

— 

lU7 



O.Ul 

lU9 

— 

O.Ul 

152 

1.80 

— 

l60 

1.71 

0.52 

170 

1.68 

0.65 

Zinc  anode  and  separator  vrere  changed 
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TABLC  V 

EXTENDED  DISCHARGE  TEST  NO.  2 


Cell  Behavior  Vifith  Time  (see  Figure  33) 


Time  (hr) 

Cell  voltage 

Effective 

specific  inter 
(ohm  - sq 

0.5 

1.78 

0.30 

8 

1.77 

— 

16 

1.80 

0.U2 

2U 

1.80 

— 

32 

1.75 

— 

Uo 

1.71 

0.57 

U8 

1.72 

— 

52 

1.62 

0.84 

52'' 

1.86 

0.33 

56 

1.83 

— 

6U 

1.8U 

— 

72 

1.82 

0.U3 

80 

1.83 

— 

88 

1.75 

— 

92 

1.53 

0.85 

92 

1.73 

0.U8 

96 

1.70 

— 

loU 

1.59 

— 

112 

1.32 

0.99 

112* 

1.72 

0.50 

120 

1.68 

— 

126 

1.58 

— 

136 

1.50 

— 

139 

— 

1.19 

ikh 

1.U6 

— 

152 

l.hl; 

— 

160 

1.32 

— 

166 

_ — - 

1.38 

170 

1.20 

1.U5 

* Zinc  anode 

and  separator  were 

changed. 

Table  V 
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TABLE  VI 

EXTEOTED  DISCIL.RGE  TE.-.T  MO-,  3 

Cell  Behavior  With  Time  (see  Figiire  3U) 


Effective  specific  internal  resistance, 
Ti  ie  (hr)  Cell  voltage  (ohm  - sq  in.) 


0.5 

1.77 

0.30 

8 

1.75 

— 

16 

1.65 

— 

2h 

1.66 

o.ho 

32 

1.66 

- — » 

ho 

1.6l 

h8 

1.6l 

0,h3 

56 

1.62 

6h 

1.61 

72 

1.62 

0.h3 

80 

1.61 

— 

88 

1.59 

— 

1.58 

0.50 

loh 

1.62 

— 

112 

1.59 

— 

118 

— 

0.66 

120 

1.6l 

— 

128 

1.59 

— 

136 

1.60 

— 

Ihh 

1.52 

1.39 

152 

1.53 

— 

160 

1.50 

— 

168 

i.ha 

I.h9 

Separator  replaced. 


Table  Vl 


WEIGHT  OF  ZING— CHLORINE  SYSTEM 

Reactant  and  electrode  waieht  needed  for  7 
day  operation  at  209  k*_and  UUO  volts. 
Effective  emf,  2,00  volts 
Zinc  efficiency,  90^ 

Chlorine  efficiency,  90^ 


Figure  1 


C-3280  LJG*JDM/em  11-11-52 


WEIGHT  OF  MAGNESIUM— OIYGEW  SYSTEM 

Reactant  and  electrode  weight  needed  for  7 
day  operation  at  209  kw  and  UiO  Tolta. 
Effective  enif,  l.lt0  volts 

Magnesivun  efficiency,  61% 

0]Qrgen  efficiency,  9$% 


\ 


CONFI  DENTIAL 


Figure  2 


C-3278  LJG#JDM/em 


CONFIDENTIAL 


BM8 


WEIGHT  OF  MAGNESIUM— OXIGQJ  SYSTEM 
Oxidizer  carried  as  HgOg 

Reactant  and  electrode  irei^t  needed  for 
7 day  operation  at  209  tor  and  1|U0  volts. 
Effective  eof.  l.UO  volts 
Magnesium  efficiency,  6?^ 

Oxygen  efficiency, 


CONFIDENTIAL 


Figure  3 


Wt  of  fuel  plus  battery,  tons 
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'^IGHT  OF  MAGNESIUM OXYGEN  SYSTEM 

Oxidiser  carried  as  H2O2 

Reactant  and  electrode  weight  needed  for 
7 day  operation  at  20?  kw  and  ULO  volts. 
Effective  emf,  l.*l|0  volts 
Magnesium  efficiency,  67!^ 

Oxygen  efficiency,  67^ 


Figure  U 
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WEIGHT  OF  MAGWESIUlt— OIYGIM  SYSTEM 
HCl  Carried  for  Electrolyte 

Reactant  and  electrode  weight  needed  for 
7 day  operation  at  209  kw  and  UUO  volta. 

Effective  emf^  1.50  volta 

Magnesium  efficiency,  61% 

Oxygen  efficiency,  9$%  Figure  5 
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Wt  of  fuel  plus  battery,  toiis 
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WEIQWr  OF  MAQNESIUlt-CHLORINE  SYSTEM 

Reactant  and  electrode  weight 
needed  for  7 day  operation  at 
209  lew  and  Ul^O  volts 
Effective  enf,  2.6U  volts 
Magnesium  efficiency,  50^ 

Chlorine  efficiency,  90$ 

Figure  6 
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WEIGHT  OF  ZINC— LITHIUM  OXIDE- 
FREE  AIR  SYSTEM 

Reactant  and  electrode  weight 
needed  for  7 day  operation  at 
209  kw  and  hhO  volts. 

Effective  emf,  I.30  volts 
Zinc  efficiency,  90% 
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Figure  7 
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Cvirrent  Density,  laip/aq  in, 
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Current  Densitj,  aap/sq  in. 
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Figure  12 


iffATER- BASED  MIX-CAKE  AFTER  DRYING  IN  ASSEMBLED  CELL 
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CHLORINE  ELECTRODE 

TYPE  is: 


Figur«  13 
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Figure  lU 
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Plgtire  1(5 


Current  density,  anqj/sq  i 
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Figure  20 


Current  densitj,  amp/sq  in 
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Y ELECTRICAL  LEADS  SOLDERED  TO 
VXZINC  SIDE  OF  DUPLEX 


NATIONAL  CARBON  ZINC  DUPLtX 
ELECTRODE  CEMENTED  TO  CARBON 


DIFFUSION -FEED  CHLOUINF  ELECTKODE 

TYPE  YL 
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Figure  22 
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Fig\a*e  2U 


Current  Density,  amp/sq  in, 
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Figure  25 
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Current  Density,  arap/sq  in. 
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Figure  26 
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Figure  29 
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ELECTRICAL  LEADS  SOLDERED 


TYPE  IX.  CATHODE 


Figure  30 
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Output,  hours 
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Figure  3U 


Operating  Time,  hours 
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Figurp  3$ 


GLASS-WOOL  SEPARATOR  AFTER  96  HOURS  OF  SERVICE 
IN  EXTEtJDED  DISCHARGE  TEST  NO.  3 
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APPENDIX 


ELECTRUCHEJCCCAL  DEFINITIONS 
In  general,  for  a galvanic  cell 


V - E - IRi 

where 

E “ emf  of  cell,  volts 

V “ term'.nal  volt.ge 
I ■ current,  amperes 

R^  = internal  resistance,  ohms 
’.Vhen  E and  Rj^  are  constant 


That  is,  the  negative  slope  of  the  linear  portion  of  the  curve  of  output 
voltage  vs  current  is  the  internal  resistance  of  the  cell.  Although  E and  Rp 
are  not  alv/ays  constant  because  of  various  tTo-es  of  polarization,  heat  effects, 
changes  in  electrolyte  composition,  etc.,  the  plot  of  V vs  I often  remains 
linear  over  a large  range  of  I,  It  is  therefore  convenient  to  define,  for 
the  linear  portion  of  the  curve,  the  effective  internal  resistance  of  the 
cell  as 


R.  = 

dl 

and  to  define  the  voltage  at  the  zero-current  intercent  of  the  straight  line 
as  the  effective  emf  of  the  cell.  The  effective  voltage  is  in  general  lower 
than  the  observed  open-circuit  voltage  of  the  cellj  i.e.,  the  V vs  I curve 
exhibits  positive  curvature  at  low  currents.  The  open-circuit  voltage  is 
frequently  much  lower  than  the  reversible  emf  of  the  cell  (e.g. , in  cells 
with  magnesium  anodes) . The  open-circuit  voltage  is  of  little  interest  in 
cells  intended  for  high-drain  applications.  The  standard  emf  of  the  cell  may 
be  used  for  determining  power  efficiency  based  on  the  theoretical  input 
to  the  cell,  but  the  effective  voltage  must  be  used  in  calculations  of 
operating  characteristics  at  different  power  levels. 
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